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Summary 
Bacteria perform a variety of complex metabolic processes which are of global 
importance in nutrient cycling and primary production in aquatic environments. In these 
environments, bacteria are often associated with surfaces where they form 
multispecies assemblages which are called biofilms. While these assemblages can 
form on basically every surface, bacteria associated with aquatic eukaryotic 
phototrophs, such as macroalgae or seagrass, were found to play important roles in 
supporting the growth of their hosts while they -at the same time- live off the nutrients 
provided by the host organism. Major bacterial groups found in these associations are 
for example Proteobacteria or Bacteroidetes, but recently the abundance and 
importance of the phyla Planctomycetes and Verrucomicrobia has become evident. 
Planctomycetes are bacteria with a variety of seemingly unusual features and genome 
analyses provide evidence for a role in bioactive molecule production by this bacterial 
group. However, the planctomycetal phylogeny is still scarce, with many described 
genera being represented by only a single species. Thus, the aims of the research 
presented in this thesis were the cultivation, description and in depth analysis of novel 
species of Planctomycetes and Verrucomicrobia. In addition, elucidation of the 
bacterial community composition of macroalgal (Laminaria sp., Fucus sp., Ulva sp.) 
and seagrass (Posidonia oceanica) biofilms by next generation sequencing and 
different microscopic techniques was performed. Also, attachment of Planctomycetes 
to algal particles was investigated.  
Chapter 1 starts by giving an overview and a general introduction on Planctomycetes 
and Verrucomicrobia in aquatic habitats. Chapter 2 describes the analysis of the 
epiphytic biofilm bacterial communities of three species of North Sea macroalgae by 
next generation sequencing. In addition, the biofilm morphology was investigated by 
scanning electron microscopy and sample material was used for the selective 
cultivation of novel Planctomycetes species. Five novel strains were brought into pure 
culture and described as four novel genera and one novel species. Microscopical 
investigations of these strains revealed a set of interesting morphological features, 
while genome sequencing and genome analysis hinted the existence of several 
putative gene clusters related to secondary metabolite production. Also, attachment of 
the novel strains to macroalgal particles was investigated and morphological changes 
observed in response to the algal particles were monitored. 
In chapter 3, the biofilm bacterial community of young and aged P. oceanica leafs was 
investigated for the first time with next generation sequencing and Planctomycetes 
were detected as dominant fraction of the bacterial community. In addition, two novel 
planctomycetal strains, representing two new planctomycetal genera, were isolated 
and thoroughly described. The genomes of both strains were sequenced and several 
gene clusters with possible relevance in secondary metabolite production were 
detected. In response to changing temperature, one strain showed significant changes 
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in its growth pattern, switching from aggregated to homogenous growth. However, the 
mechanism underlying this growth pattern switch, at this point, remains elusive. 
In chapter 4, three novel bacterial species belonging to the subdivision 4 of the phylum 
Verrucomicrobia were isolated from a freshwater pond and brought into pure culture. 
All strains belong to a new verrucomicrobial genus which is given the name 
Lacunisphaera. For the subdivision 4 of the Verrucomicrobia, state-of-knowledge is that 
its members lack the otherwise universal bacterial cell wall component peptidoglycan 
(PG) and thus pose as an exception among free-living bacteria. The presence of 
peptidoglycan was investigated by extracting cell sacculi of one novel strain, 
L. limnophila IG16bT, while at the same time, whole cell hydrolysates of all three novel 
strains were investigated and the PG marker molecules diaminopimelic acid and 
surprisingly, ornithine, were detected. Furthermore, bioinformatic methods as well as 
enzymatic treatment- and antibiotic resistance experiments were performed and 
support the claim that peptidoglycan is present in the newly described strains and 
related type strains of the subdivision 4 Verrucomicrobia.  
Conclusively, chapter 5 revisits the results and data obtained in the previous chapters 
and discusses conceivable subsequent research topics based on the findings this 
thesis presented.  
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Samenvatting 
Bacteriën kunnen een variëteit aan complexe metabole processen uitvoeren die een 
grote impact hebben op de nutriëntenkringloop en de primaire productie in aquatische 
milieus. In deze milieus hechten bacteriën dikwijls aan oppervlakten waar zij met 
verschillende andere bacteriesoorten een structuur vormen die men een biofilm noemt. 
Deze biofilms kunnen op elk mogelijk oppervlak ontstaan. Biofilms gevormd op 
eukaryote fototrofen, zoals macroalgen en zeegras, blijken de groei van hun gastheer 
te bevorderen terwijl de bacteriën zich tegelijkertijd voeden met nutriënten die door de 
gastheer worden geleverd. Al langer is bekend dat Proteobacteriën en Bacteroidetes 
belangrijke groepen bacteriën zijn die voorkomen in deze biofilms. Recent is echter 
ontdekt dat ook Planctomyceten en Verrucomicrobia in deze associaties frequent 
voorkomen en een belangrijke rol spelen. Planctomyceten zijn bacteriën met een 
veelheid aan ogenschijnlijk ongebruikelijke eigenschappen. Genoomanalyse wijst er 
daarnaast op dat Planctomyceten bioactieve moleculen kunnen produceren. De 
diversiteit van de Planctomyceten is echter nog niet goed onderzocht: veel van de 
beschreven genera bestaan uit slechts een enkele soort. Daarom was het doel van het 
onderzoek beschreven in dit proefschrift om nieuwe soorten binnen de Planctomyceten 
en Verrucomicrobia te isoleren, te cultiveren en te beschrijven. Daarnaast lag de focus 
in het onderzoek op het bestuderen van de bacteriële samenstelling van biofilms 
gevormd op macroalgen (Laminariasp., Fucus sp. en Ulva sp.) en zeegras (Posidonia 
oceanica). Deze biofilms werden bestudeerd met behulp van next generation 
sequencing en verschillende microscopie technieken. Verder werd de hechting van 
Planctomyceten aan deeltjes van algen bestudeerd. 
Hoofdstuk 1 geeft een overzicht en een algemene inleiding over Planctomyceten en 
Verrucomicrobia in aquatische milieus. Hoofdstuk 2 beschrijft de analyse door middel 
van next generation sequencing van bacteriële gemeenschappen die biofilms vormen 
op drie soorten macroalgen uit de Noordzee. De morfologie van de biofilms werd 
onderzocht met rasterelektronenmicroscopie en materiaal van de biofilms werd 
gebruikt voor de cultivatie van nieuwe Planctomyceten soorten. Op die manier kon een 
pure cultuur van vijf nieuwe stammen verkregen worden. Deze stammen werden 
beschreven als vier nieuwe genera en één nieuwe soort. Microscopische analyse van 
deze stammen duidde op enkele interessante morfologische eigenschappen. 
Sequentieanalyse van de genomen suggereerde de aanwezigheid van meerdere 
genclusters die mogelijkerwijs betrokken zijn bij de productie van secundaire 
metabolieten. Daarnaast werd de manier van hechting van de nieuwe stammen aan 
deeltjes van de macroalgen bestudeerd. Hieruit bleek dat de stammen morfologische 
veranderingen ondergaan als ze in contact komen met macroalgen. 
In hoofdstuk 3 werden de bacteriële gemeenschappen bestudeerd die een biofilm 
vormen op jonge en oude bladeren van P. oceanica. Dit was de eerste analyse met 
behulp van next generation sequencing die de gemeenschap op de bladeren beschrijft 
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en deze analyse toonde aan dat Planctomyceten een dominant deel van de 
gemeenschap uitmaken. Twee nieuwe stammen, die tot twee nieuwe genera binnen 
de Planctomyceten behoren, werden geïsoleerd en uitgebreid bestudeerd. 
Sequentieanalyse van de genomen van beide soorten leidde onder andere tot de 
detectie van enkele genclusters die mogelijk betrokken zijn bij de productie van 
secundaire metabolieten. Eén van de soorten onderging significante veranderingen in 
groei onder invloed van temperatuur. Deze soort wisselde daarbij tussen groei in 
clusters en homogene groei. De mechanismen die tot deze verschillende groeiwijzen 
leidden blijven tot op heden onopgehelderd. 
Hoofdstuk 4 beschrijft de isolatie van drie nieuwe soorten behorend tot subdivisie 4 
van het phylum Verrucomicrobia uit een zoetwater vijver. Al deze soorten, waarvan een 
pure cultuur werd verkregen, behoren tot een nieuw genus met de naam 
Lacunisphaera. Tot nog toe werd gedacht dat alle Verrucomicrobia uit subdivisie 4 de 
verder in bacteriën alomvertegenwoordigde celwand component peptidoglycaan (PG) 
missen en zodoende de enige vrij-levende bacteriën zonder PG zijn. Extractie van 
celsacculi uit de nieuwe soort L. limnophila en analyse van cellysaten van de andere 
drie stammen toonde de aanwezigheid aan van de PG marker moleculen 
diaminopimelinezuur en, verassenderwijze, ornithine. Ook bioinformatica analyse, 
enzymatische behandeling en antibiotica resistentie experimenten wezen op de 
aanwezigheid van PG in de nieuw-beschreven soorten en verwante stammen uit 
subdivisie 4 van de Verrucomicrobia. 
Hoofdstuk 5 vat de resultaten van de voorafgaande hoofdstukken samen en bespreekt 
mogelijke onderwerpen voor vervolgonderzoek gebaseerd op de bevindingen die in dit 
proefschrift gepresenteerd worden. 
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Chapter 1 
General introduction
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In nature, biological interactions describe the influence that individual organisms have 
on one another in a broad community. Also, no organism exists in isolation and 
biological interactions are inevitable. In ecology, these interactions can either be 
intraspecific, involving only members of the same species, or interspecific, involving 
one or more different species. Interactions involving microorganisms of the domain 
Bacteria are often described based on their effects on one partner involved in the 
interaction and are the basis of ecological food webs, playing major roles in terrestrial 
and aquatic ecosystems. The role of bacterial interactions, especially with phototrophic 
host organisms in aquatic environments, either freshwater or marine, is very important 
on a global scale and is the basis of nutrient cycling in these habitats. Modern ecology 
and environmental microbiology approaches thus focus on the elucidation of bacterial 
community structures and the cultivation of novel bacterial species to reveal bacterial 
groups and species responsible for the underlying processes that enable the 
functionality of global aquatic nutrient cycling. 
Aquatic ecosystems 
Aquatic ecosystems are generally defined as bodies of water, harboring communities 
or individual organisms which are dependent on each other. Usually, two types, of 
aquatic ecosystems, marine or freshwater, are distinguished. Both harbor a variety of 
different habitats which differ in nutrient and salt level and are exposed to different biotic 
and abiotic factors (Alexander, 1999).  
Marine ecosystems 
The water bodies of marine ecosystems cover around 70% of Earth’s surface and 
constitute approximately 32% of the world’s net primary nutrient production, fueling and 
enabling life on Earth (Alexander, 1999). Within marine waters, a variety of habitats, 
such as macroalgal congregations or seagrass meadows, are distributed within the 
different zones of the world’s oceans and build the backbone of species diversity, global 
nutrient cycling and biogeological oceanic profiles worldwide (Steneck et al., 2002; 
Abdullah and Fredriksen, 2004; Larkum et al., 2006; Papenbrock, 2012). They also aid 
in shaping the shallow water landscape by for example protecting near shore areas 
due to wave damping and attenuation effects (for review see (Christianen et al., 2013)). 
While higher organisms such as fish, mammals or other animals thrive in these 
ecosystems by feeding on them, using them as breeding or hunting grounds (Markel 
and Shurin, 2015; Marco-Mendez et al., 2016), both macroalgae and seagrasses are 
also strongly influenced by their associated bacterial biofilm communities, which form 
ecosystems on their own. These biofilm communities are multispecies reservoirs which 
can promote algal or seagrass growth by fulfilling mutualistic processes such as 
nitrogen fixation, sulphate production or the supply with vitamins. At the same time, the 
associated microorganisms receive various substrates from their hosts (Nielsen et al., 
2001; Ramanan et al., 2016). 
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Freshwater ecosystems 
Freshwater ecosystems are distinguished from marine ones by factors such as salt 
concentration, level of eutrophy and habitat complexity. Freshwater ecosystems are 
mainly separated into lentic and lotic bodies of water. Wetlands, ponds and lakes 
represent lentic, still waters, while springs, streams and rivers account for the majority 
of lotic, flowing waters. While habitat complexity in freshwater, in comparison to marine 
ecosystems, due to the absence of reef building animals and the short stature of most 
aquatic plants, is generally lower, the fragmented nature of isolated habitats in 
freshwater allow for a higher spatial diversity (Grosberg et al., 2012). Increased 
temperatures and nutrient enrichment further enhances diversification of for example 
bacterioplankton assemblages (Ren et al., 2016) and promotes the growth of 
phototrophic bacteria such as cyanobacteria, which occur in blooms and enable the 
assembly of other heterotrophic bacterial lineages, co-occuring with these blooms 
(Eiler and Bertilsson, 2004; Cai et al., 2014). 
The PVC superphylum  
The PVC superphylum is a group of bacteria comprised of the related sister phyla 
Planctomycetes, Verrucomicrobia, Chlamydia, Lentisphaera and the candidate phyla 
“Candidatus Omnitrophica (OP3)” and “Candidatus Poribacteria” (Wagner and Horn, 
2006). Phylogenetic and genetic analyses support the grouping of these different 
bacterial phyla (Griffiths and Gupta, 2007; Pilhofer et al., 2008; Gupta et al., 2012; 
Kamneva et al., 2012). In addition, PVC members are of ecological (Woebken et al., 
2007; Orsi et al., 2016), industrial (Jetten et al., 2001; van Niftrik and Jetten, 2012) as 
well as medical relevance (Corsaro and Greub, 2006; Rank and Yeruva, 2014) which 
makes them interesting objects of study. In the presented thesis, research focuses on 
novel strains of the phyla Planctomycetes and Verrucomicrobia and the presence of 
these bacteria in specific bacterial communities. 
Planctomycetes 
Phylogeny and occurrence 
Planctomycetes were first discovered in a freshwater lake in Hungary, where they were 
observed as planktonic microorganisms and at first, mistaken for fungi (Gimesi, 1924). 
This interpretation originally arose since cells of the first described member of the 
Planctomycetes, later named Planctomyces bekefii, were spherical, rosette-forming, 
connected by non-cellular stalks and divided using a budding mechanism, previously 
only described for yeasts (Fuerst, 1995). Based on 16S rRNA gene analysis, the 
bacterial order Planctomycetales and family Planctomycetaceae were proposed 
(Schlesner and Stackebrandt, 1986). However - at this point - only a handful of species 
were isolated in pure culture (Bauld and Staley, 1976; Franzmann and Skerman, 1984; 
Schlesner and Hirsch, 1984; Hirsch and Müller, 1985; Schlesner, 1986). Since then, 
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the planctomycetal phylogeny has undergone several changes and additions, 
introducing the orders Phycisphaerales (Fukunaga et al., 2009), the group of anaerobic 
ammonium oxidizing Planctomycetes, Brocadiales (Jetten et al., 2010) and most 
recently, Tepidisphaerales (Kovaleva et al., 2015). In addition, novel family structures 
were introduced (Kovaleva et al., 2015; Kulichevskaya et al., 2015; Kulichevskaya et 
al., 2016) and the members of the genus Planctomyces were reclassified based on 16S 
rRNA gene identity and genome sequence comparison. The latter leading to a splitting 
of the genus Planctomyces, introducing the new genera Rubinisphaera, Gimesia and 
Planctopirus (Scheuner et al., 2014). Recently, the phylogeny and taxonomy of 
Planctomycetes, in particular of the family Planctomycetaceae was questioned (Kohn 
et al., 2016) and constant isolation of novel strains aids to obtain a better resolution of 
phylogenetic relationships within this phylum. 
Planctomycetes are frequently detected in a wide range of soils (Janssen, 2006; Liu et 
al., 2011; Ivanova et al., 2016a), freshwater (Danilova et al., 2016; Ji et al., 2016; 
Woodhouse et al., 2016) and marine environments, where they are often associated 
with eukaryotic hosts such as macroalgae (Bengtsson and Øvreås, 2010; Albakosh et 
al., 2016; Bondoso et al., 2017), sponges (Sipkema et al., 2011; Kaluzhnaya and 
Itskovich, 2015; Morrow et al., 2016), water fleas (Hirsch, 1972), giant tiger prawns 
(Fuerst et al., 1991; Fuerst et al., 1997) or periphyton communities on for example crab 
shells (Kohn et al., 2016). Interestingly, data of Planctomycetes abundance in 
association with seagrass is very scarce (Weidner et al., 1996; Weidner et al., 2000; 
Ikenaga et al., 2010). This is surprising, since Planctomycetes are abundant in 
sediments and waters where seagrass meadows dwell (Heijs et al., 2008). In addition, 
Planctomycetes are rosette- and aggregate-forming bacteria which are often found 
associated with particles in aquatic environments (Rath et al., 1998; Crump et al., 1999; 
Winkelmann and Harder, 2009; Frank et al., 2011; Pizzetti et al., 2011; López-Pérez et 
al., 2016; Yung et al., 2016). This attachment is enabled by stalk structures used by 
Planctomycetes during the sessile stage of their life cycle (Ward, 2010b).  
Physiology 
Members of the phylum Planctomycetes are usually chemoheterotrophic organisms, 
generating energy by the utilization of organic compounds found in their surroundings. 
An exception are members of the order Brocadiales, which generate energy through 
the anaerobic oxidation of ammonium (Strous et al., 1999). Planctomycetes-specific 
cultivation media usually contain low amounts of carbon and nitrogen sources 
(Giovannoni et al., 1987; Lage and Bondoso, 2012) and the glucose derivative N-
acetyl-D-glucosamine has been shown sufficient as sole carbon and nitrogen source 
to support planctomycetal growth (Schlesner, 1994; Lage and Bondoso, 2012). Also, 
Planctomycetes play a role in the degradation of heteropolysaccharides such as 
cellulose (Schellenberger et al., 2010; Pepe-Ranney et al., 2016), pectin (Ivanova et 
al., 2016c), laminarin or chondroitin sulfate (Jeske et al., 2013), indicating that 
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Planctomycetes are able to dwell in niches where these compounds are predominant. 
In addition, genome analyses revealed that some species possess a multitude of genes 
encoding sulfatases (Wegner et al., 2012), possibly aiding in complex 
heteropolysaccharide degradation. Recently, a host-specific association of 
planctomycetal species with marine macroalgae was suggested and thus a fitness, 
based on coding sulfatases, enabling planctomycetes to specifically degrade 
polysaccharides provided by their algal hosts (Bondoso et al., 2017). Some species 
also degrade gelating agents of algal origin, such as agar, a compound usually used in 
bacterial cultivation (Fukunaga et al., 2009; Yoon et al., 2014; Kovaleva et al., 2015). 
Cell biology 
Planctomycetes are bacteria with various unique cell biological features. These include 
a cell division without the otherwise universal cell division protein FtsZ (Angert, 2005). 
Some species divide by a yeast-like polar budding mechanism (Fuerst, 1995) for which 
a set of responsible proteins and genes was proposed (Pilhofer et al., 2008; Jogler et 
al., 2012). In addition, morphological studies of Planctomycetes revealed that some 
species possess so-called ‘crateriform structures’ (Schmidt and Starr, 1978; Fuerst et 
al., 1991). Eversince these structures were discovered, they were observed and 
described for various planctomycetal species, while putative roles were only described 
anecdotically (Butler et al., 2002; Ward, 2010a; Lage et al., 2013; Santarella-Mellwig et 
al., 2013). Recently, a role of these structures in macromolecule uptake was suggested 
(Boedeker et al., 2017). In this study, Planctomycetes species of the genera 
Planctopirus and Gemmata were found to possess pili-like fibers associated with large 
crateriform structures, aiding in the uptake of macromolecular sugars. In addition, these 
pili-like fibers reached from the outer membrane towards the cytoplasmic membrane, 
spanning through the periplasmic space (Boedeker et al., 2017). Another interesting 
cell biological feature was observed for the anaerobe anammox-Planctomycetes. 
These organisms possess a dedicated cell organelle, the anammoxosome, to perform 
the enzymatic reaction of anaerobic ammonium oxidation (van Niftrik et al., 2004; van 
Niftrik et al., 2008; Neumann et al., 2014). In this compartment, parallel stacked 
structures were observed and were identified as local accumulations of nitrite 
oxidoreductase enzymes, which form the characteristic parallel stacks in the 
anammoxosome (de Almeida et al., 2015). 
Peptidoglycan 
For free-living bacteria, cell wall integrity is of utmost importance to withstand osmotic 
challenges arising from environmental influences and to maintain cell shape. Usually 
for this purpose, bacterial cell walls contain an additional layer of a mesh-like 
heteropolymer that consists of sugar and sugar acid molecules which are cross-linked 
by short amino acid rich peptide stems. This layer is called peptidoglycan (PG) or 
murein (Vollmer et al., 2008). The phylum Planctomycetes was long believed to lack 
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peptidoglycan in their cell walls (König et al., 1984; Liesack et al., 1986), posing an 
exception among the bacteria. In addition, it was believed that Planctomycetes 
contained a proteinaceous cell wall, supporting cell integrity of these organisms (König 
et al., 1984; Liesack et al., 1986). However, recent reevalution studies, which used gas-
chromatography mass spectrometry and probe-based peptidoglycan staining methods 
found that peptidoglycan is present and forms a sacculus structure in members of the 
Planctomycetales and Brocadiales and that Planctomycetes thus, in this instance, do 
not pose an exception to the general Gram-negative cell plan (Jeske et al., 2015; van 
Teeseling et al., 2015).  
Verrucomicrobia 
Phylogeny and occurrence 
In 1976, an organism was described as a relative of aquatic bacteria of the group 
Caulobacter. This organism was named Prosthecobacter fusiformis (Staley et al., 
1976) and represents the first cultured member of the Verrucomicrobia, which were 
only recognized as individual phylum two decades later (Hedlund et al., 1997). Due to 
the few cultured representatives and based on 16S rRNA gene phylogenetic analyses, 
a structure of 5 subdivisions within the phylum originated (Hugenholtz et al., 1998). 
These subdivisions belong to three phylogenetic classes, namely Spartobacteria 
(Sangwan et al., 2004), Opitutae (Choo et al., 2007) and Verrucomicrobiae (Hugenholtz 
et al., 1998). To date, most isolates of the Verrucomicrobia in pure culture belong to 
subdivision 1, which comprises 9 genera with 32 described species. Only recently, 
cultured representatives of subdivision 2 (Sangwan et al., 2004; Qiu et al., 2014) and 
3 (Kant et al., 2011; Anders et al., 2015) were described, while for the verrucomicrobial 
subdivision 5, evidence exists that this subdivision rather represents a novel 
independent phylum (Spring et al., 2016). The class Opitutae comprises all members 
of the verrucomicrobial subdivision 4. The 16 species of this subdivision described to 
date belong to 8 genera and two families, Opitutaceae and Puniceicoccaceae (Choo et 
al., 2007). Also, the phylum comprises methanotrophic species, of which a few were 
only recently described (Op den Camp et al., 2009; van Teeseling et al., 2014b) and 
are proposed to play important roles in the environmental cycling of methane. 
In addition to the species diversity across the verrucomicrobial phylum, these bacteria 
are frequently detected in soil and aquatic environments all across the globe (Janssen, 
2006; Matsuzawa et al., 2010; Bergmann et al., 2011) and are often found in 
association with phototrophic eukaryotes such as cyanobacteria (Eiler and Bertilsson, 
2004; Cai et al., 2014) or marine angiosperms (Weidner et al., 2000; Yoon et al., 
2007b).  
 
 
15 
The verrucomicrobial subdivision 4 peptidoglycan anomaly 
Peptidoglycan is a structural element in bacterial cell walls, supports cell shape stability 
and aids in resilience against external and internal stressors which endanger the 
bacterial cell morphology (Vollmer et al., 2008). Peptidoglycan, in most bacteria, forms 
a sacculus structure resembling the shape of the cell it originates from and is the basis 
of cellular integrity while it contains different amino acids of non-proteinogenic nature 
(Vollmer et al., 2008; Lam et al., 2009). In Gram-negative bacteria, the amino acids 
usually detected are diaminopimelic acid (Vollmer et al., 2008) and - in some cases - 
ornithine (Schleifer and Joseph, 1973; Yanagihara et al., 1984; Quintela et al., 1995). 
In the phylum Verrucomicrobia, members across all subdivisions were found to 
possess peptidoglycan (Sangwan et al., 2004; Anders et al., 2015; Kim et al., 2015; 
Spring et al., 2016) and diaminopimelic acid, in addition to muramic acid, is used as 
diagnostic marker to prove peptidoglycan existence. However, organisms of 
subdivision 4 seem to be an exception and strains of this group were explicitly 
described to lack peptidoglycan in their cell walls (Yoon et al., 2007b; Yoon et al., 
2007c; Yoon et al., 2007d; Yoon et al., 2010; Yoon, 2011a). This is especially 
interesting, since these organisms are all free-living, meaning they face changing 
environmental conditions, which constantly challenge their cellular integrity. Thus, the 
subdivision 4 of the phylum Verrucomicrobia was investigated in this study, to put the 
claim of peptidoglycan-less free-living bacteria to the test and to answer the question if 
these bacteria indeed lack this universal Gram-negative cell wall component.  
Outline and aim of this thesis 
In this thesis, the association and abundance of Planctomycetes in the biofilms of 
eukaryotic phototrophs -marine algae and seagrass- was investigated and novel strains 
were brought into pure culture. In addition, subdivision 4 Verrucomicrobia, associated 
with a freshwater cyanobacterial bloom, were isolated in pure culture and the presence 
and composition of peptidoglycan was investigated.  
In chapter 2, the epiphytic biofilm bacterial communities of different North Sea 
macroalgae were characterized morphologically by scanning electron microscopy and 
genetically by next generation amplicon sequencing. A dominance of Planctomycetes 
in the biofilms of Fucus algal material was revealed and five novel strains affiliated with 
the phylum Planctomycetes were brought into pure culture. These strains were 
characterized, revealing various interesting cell biological features. In addition, 
attachment of the novel strains to macroalgal particles was investigated and changes 
in morphology of these strains in response to the algal particles were monitored. 
Chapter 3 focuses on the first elucidation of the epiphytic bacterial community of leafs 
of the abundant seagrass Posidonia oceanica. Employing next generation amplicon 
sequencing the bacterial community of young and aged P. oceanica leaf biofilms was 
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analyzed and the first two novel planctomycetal strains from P. oceanica biofilms were 
brought into pure culture. 
The absence of peptidoglycan (PG) in free-living bacteria was recently revisited by 
others for the phylum Planctomycetes and the universal cell wall component PG was 
identified. However, the verrucomicrobial subdivision 4 is still described as an 
exception. In chapter 4, the presence of peptidoglycan in the cell walls of three novel 
species of the verrucomicrobial subdivision 4 was investigated using bioinformatics, 
genome, enzymatic and chemical analyses to show that peptidoglycan exists in this 
subgroup of the phylum Verrucomicrobia. 
In Chapter 5, results and findings of this thesis are revisited and conclusively 
discussed. In addition, future perspectives for subsequent research and the impact of 
the presented findings is further clarified. 
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Sections of the materials and methods as well as results presented in this chapter were 
in part described previously in my Master thesis “Cultivation and characterization of 
novel PVC bacteria from marine and limnic habitats”. The thesis was handed in in 
November 2013. 
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Abstract 
Planctomycetes are bacteria that were long thought to be “unculturable” organisms with 
low abundancy in nature, thus, bacteria that play a neglectable role in environmental 
systems. In recent years, the presence of Planctomycetes in the environment has been 
found to have a rather ubiquitous character and novel strains, mostly from aquatic 
environments, were brought into pure culture. However, the number of available 
cultured Planctomycetes and thus the resolution if their phylogeny is still scarce. Here 
we describe the isolation of five novel Planctomycetes strains from the biofilm 
communities of three different marine macroalgae collected at the North Sea island 
Helgoland. In-depth investigation of the strains shed light on their chemotaxonomical 
and morphological characteristics, mesophilic growth properties and their ability to 
attach and live on algal particles in laboratory cultures. Their distinct cell biological 
properties enable these strains to successfully thrive on marine macroalgae. The 
strains were found to have closest phylogenetic relationships to the genera 
Rhodopirellula, Rubripirellula, Roseimaritima and Bythopirellula. Sequencing analysis 
revealed large genomes and a pool of gene clusters with a putative role in the 
production of complex small molecules. In addition, investigation of macroalgal-
associated bacterial communities revealed Planctomycetes as dominant fraction in 
Fucus biofilms, prompting the idea of Planctomycetes as successful and important 
members of macroalgal communities.  
Using a polyphasic taxonomy approach, we found that the five novel strains are 
affiliated with the phylum Planctomycetes, class Planctomycea, order 
Planctomycetales, family Planctomycetaceae and represent four novel genera and one 
novel species. Novel genera are designated Rhodomarina, Engelhardtia, Rhodostilla 
and Algifollis. Type species are designated Rhodomarina lacriforma K22.7T (= DSM 
29813 = LMG 29017), Engelhardtia mobilis HG15A2T, Rhodostilla oblonga EC9T (= 
DSM 29815 = LMG 29013) and Algifollis maris K23.9T respectively. The new species 
within the genus Roseimaritima is designated Roseimaritima multifibra FF011LT (= 
DSM 29513 = LMG 29016). 
Introduction 
In aquatic environments, microorganisms either follow a planktonic lifestyle, floating or 
swimming in the water column, often using modes of active motion by e.g. flagella 
(Bardy et al., 2003), but also live in periphyton communities attached to surfaces or 
higher organisms, marine debris, coral reefs and rock formations in the form of biofilms 
(Wetzel, 1975). 
Biofilms on marine algae have been described to be of mutualistic as well as 
opportunistic character. Microorganisms may protect the alga from fouling-inducing 
organisms or enable a substrate exchange of e.g. vitamin B12 and fixed-carbon, but 
also exploit the rich repertoire of substrates on the algal surface (Ramanan et al., 2016). 
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While bacterial lineages such as Proteobacteria and Bacteroidetes are commonly 
detected in marine environments and biofilm communities in general (Sanli et al., 
2015), Planctomycetes have long been overlooked in environmental studies, primarily 
due to mismatches with oligonucleotides, formerly used to amplify sequences in 
environmental studies (Vergin et al., 1998). Since then, research on Planctomycetes 
has progressed extensively and investigations of microbial communities by modern 
sequencing approaches rather suggest a ubiquitous presence of Planctomycetes in a 
broad variety of natural habitats (Morris et al., 2006; Webster and Negri, 2006; 
Winkelmann and Harder, 2009; Pasic et al., 2010; Kim et al., 2016; López-Pérez et al., 
2016). Recently, Planctomycetes species related to the genus Rhodopirellula were 
described to dominate the biofilms of the large brown alga Laminaria hyperborea 
(Bengtsson and Øvreås, 2010) which is -to a certain extent- surprising, since 
Planctomycetes are described to belong to the so-called slow-growing organisms, 
which makes them susceptible to being outgrown by faster growing bacteria. Thus, 
Planctomycetes were thought to have other strategies, such as the degradation of 
complex macroalgal polysaccharides or use of bioactive molecules to compeed with 
other microorganisms and to retain their niche in the biofilm. Those algal 
polysaccarides are often chemically complex molecules (Percival, 1979), which can act 
as additional selective force in shaping the associated bacterial community. Thus, the 
presence of bacteria able to degrade them is perspicuous. Investigations of the genome 
sequence of the species Rhodopirellula baltica revealed that a diverse set of sulfatases 
is encoded in R. balticas genome, enabling this organism to degrade complex sulfated 
polysaccharides found in the cell walls of various algae (Wegner et al., 2012). The 
association of Planctomycetes and marine macroalgae has been investigated 
extensively (for review, see (Lage and Bondoso, 2014)), reporting that Planctomycetes 
are able to quickly adapt to environmental changes, as shown for R. baltica (Wecker et 
al., 2009), and are found in high diversity on the surfaces of diverse macroalgae 
(Fukunaga et al., 2009; Bengtsson and Øvreås, 2010; Miranda et al., 2013; Bondoso 
et al., 2014b). However, a majority of planctomycetal species detected in these studies 
yet remains uncultured (Lage and Bondoso, 2011; 2014), with only few novel strains 
obtained as axenic cultures (Fukunaga et al., 2009; Bondoso et al., 2014a; Yoon et al., 
2014; Bondoso et al., 2015).  
In addition to their relevance in aerobic macroalgal-bacteria associations, organisms 
belonging to the so-called “anammox-Planctomycetes” play a crucial role in anaerobic 
industrial processes, such as wastewater treatment (Jetten et al., 2001). There they 
perform the “anammox” process, which is short for anaerobic ammonium oxidation. 
Recently, Planctomycetes also have become the focus of biotechnological studies 
(Jeske et al., 2013; Graca et al., 2016; Jeske et al., 2016), reporting that bacteria of 
this group have the potential to be producers of bioactive molecules with application in 
human health or husbandry. Since only a limited number of planctomycetal genomes 
is available so far and genome organization in Plactomycetes, in terms of for example 
operon organization of genes (Liesack and Stackebrandt, 1989; Jogler et al., 2012) is 
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unusual, novel strains with sequenced genomes are needed to further investigate the 
potential of Planctomycetes as secondary metabolite producers and their role in 
important ecosystems such as marine macroalgal communities. 
In this study, the isolation and characterization of five novel Planctomycetes strains 
from marine macroalgae is described. Full genome sequences of the novel strains were 
obtained and subjected to screening for gene clusters potentially involved in the 
production of bioactive molecules. In addition, the microorganismic community of algal 
biofilms and the surrounding water column were investigated by next-generation 
sequencing, elucidating the diversity and abundance of Planctomycetes in the biofilms 
of the three North Sea macroalgal specimen. 
 
Material and methods 
General methods 
Sampling of algal material. Algal material of Laminaria sp., Fucus sp. and Ulva sp. 
and samples from water surrounding each alga were collected using sterile 1l bottles 
during low tide on the north shore of Helgoland on June 5, 2013 (North Sea, Germany, 
54°11'17’’N, 7°52'30"E). Samples were immediately transferred to the Helgoland 
research laboratory (Biologische Anstalt Helgoland, BAH, Germany) and algae were 
kept separated in natural seawater tanks at 13°C, while water samples were stored at 
4°C in the dark. Sampling material was transferred to the DSMZ laboratories (German 
Collection of Microorganisms and Cell Cultures DSMZ, Brunswick, Germany) within 
24h and kept in oxygenated seawater tanks to keep algal material fresh. Material was 
processed within 4 hours after transfer to the DSMZ. 
Filtration. Water samples were homogenized by gentle stirring and 300 ml were used 
for fractionizing filtration. To separate aggregated -and particle-attached- from 
planktonic-living bacterial cells, a two-step filtration system was used. In the first step, 
300 ml samples were filtered through a borosilicate glass microfiber filter (GF/D, Ø 
47mm, Whatman™, GE Healthcare, Freiburg, Germany) with a retention size of 2.7 µm 
to retain aggregated cells and marine particles. The same 300 ml of water were then 
filtered through a polycarbonate membrane filter (Ø 47 mm, Isopore™, Merck, 
Darmstadt, Germany) with a pore size of 0.22 µm to obtain the fraction of planktonic-
living microorganisms in the sample. Filters were stored at -20°C until DNA extraction. 
Algal biofilm preparation. Algal material of Laminaria sp., Fucus sp. and Ulva sp. was 
gently rinsed two times with filter sterilized natural sea water (Corning® bottle top filters, 
Sigma-Aldrich, Munich, Germany) to remove contaminating unattached bacteria. After 
the initial washing steps, sterile natural seawater containing 20 mg/ml cycloheximide 
was used to reduce fungal growth. Biofilm suspensions were prepared by carefully 
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scraping off algal biofilms into sterile natural sea water using single-use scalpels. 
Biofilm suspensions of all three algae were homogenized by gentle vortexing, split into 
two equal volumes each and stored at -20°C until DNA extraction or 4°C until use in 
cultivation experiments (max. 4 hours later the same day). 
Algal portion preparation. Algal material was rinsed with sterile natural sea water and 
treated with cycloheximide as described above. Several circular portions (3 cm Ø) of 
the three collected algae (Fucus, Ulva, Laminaria) were stamped out with a sterilized 
metal puncher. For each portion, five smaller pieces (0.5 cm Ø) directly adjacent to the 
3 cm pieces were stamped out and directly fixed in 1.5% formaldehyde solution for 
subsequent field emission scanning electron microscopy (FESEM). 3 cm pieces were 
stored in sterile natural sea water until cultivation (max. 4 hours later the same day). 
Genomic DNA extraction for bacterial community analyses. DNA of algal biofilms 
and water filters was extracted using the PowerBiofilm® DNA Isolation Kit (MoBio 
Laboratories, Dianova, Hamburg, Germany) following the manufacturers protocol with 
a few exceptions. Incubation at 37°C in buffer B1 was increased to an overnight step. 
Incubation at 55°C was increased to 60 min. Incubation at 4°C was increased to 20 
min. Bead beating was performed in a FastPrep®-24 instrument (MP Biomedicals, 
Santa Ana, CA, USA) at 5.5 m/s, 30 s. DNA was eluted in 100 µl BF7 buffer and stored 
at -20°C until further processing. 
Genomic DNA extraction and preparation for genome sequencing. To obtain high 
molecular weight DNA of novel planctomycetal strains, nucleic acid was extracted from 
whole cells using a tweaked Genomic DNA kit protocol with Genomic tips 100/G 
(Qiagen, Venlo, Netherlands). The protocol was performed as recommended by the 
manufacturer with one exception: incubation time with digestive enzymes was 
prolonged to an overnight step to ensure complete lysis of bacterial cells. An aliquot of 
the extracted DNA was used to prepare 16S rRNA clone libraries (Zero Blunt® PCR 
Cloning kit; Invitrogen, Thermo Fisher Scientific, Waltham, USA) and resulting clones 
were sequenced using a universal 16S gene targeting primer 8f (5’–AGA GTT TGA 
TCM TGG CTC AG–3’) to ensure purity of the extracted DNA. 
DNA quantification. Quantification of extracted genomic DNA as well as amplicon 
concentrations was performed using the Qubit® dsDNA HS or BR Assay Kit, depending 
on DNA concentration (Invitrogen™, Thermo Fisher Scientific, Waltham, USA) 
following the manufacturers recommendations. For quantification reactions, 1 µl 
extracted gDNA/amplicon was used. Samples were measured in a Qubit® 2.0 
Fluorometer (Thermo Fisher Scientific, Waltham, USA). 
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Cultivation dependent methods 
Media used for cultivation. For bacterial cultivation experiments, a variety of different 
media were prepared (Table 1). All media contained 2.38 g/l HEPES (Serva) as buffer, 
20 ml/l mineral salt solution, 250 ml/l artificial sea water and were adjusted to pH 8.0 
with 5M KOH. After sterilization by autoclaving, media were supplemented with different 
additive solutions: 10 - 40 ml/l of a 2.5% glucose solution, 5 ml/l double concentrated 
vitamin solution and 1 ml/l trace element solution. Both, mineral salt solution and double 
concentrated vitamin solution were prepared according to DSMZ medium 621, while 
metal salts solution (part of mineral salt solution) consisted of 250 mg/l Na-EDTA, 1095 
mg/l ZnSO4 x 7H2O, 500 mg/l FeSO4 x 7H2O, 154 mg/l MnSO4 x H2O, 39.5 mg/l CuSO4 
x 7H2O, 20.3 mg/l CoCl2 x 6H2O and 17.7 mg/l Na2B4O7 x 10H2O of which 50 ml were 
added per liter of mineral salt solution. Artificial seawater consisted of 46.94 g/l NaCl, 
7.84 g/l Na2SO4, 21.28 g/l MgCl2 x 6H2O, 2.86 g/l CaCl2 x 2H2O, 0.384 g/l NaHCO3, 
1.384 g/l KCl, 0.192 g/l KBr, 0.052 g/l H3BO3, 0.08 g/l SrCl2 x 6H2O, 0.006 g/l NaF. 
Trace element solution consisted of 1.5 g/l Na-nitrilotriacetate, 500 mg/l MnSO4 x H2O, 
100 mg/l FeSO4 x 7H2O, 100 mg/l Co(NO3)2 x 6H2O, 100 mg/l ZnCl2, 50 mg/l NiCl2 x 
6H2O, 50 mg/l H2SeO3, 10 mg/l CuSO4 x 5H2O, 10 mg/l AlK(SO4)2 x 12H2O, 10 mg/l 
H3BO3, 10 mg/l NaMoO4 x 2H2O and Na2WO4 x 2H2O (modified from (Karsten and 
Drake, 1995). To prepare solid media, either 12 g/l washed (three times with deionized 
water) agar (Bacto™) or 8 g/l gellan gum (Gelrite®; Serva) were autoclaved separately 
and added to the medium prior to pouring plates. For initial isolation, 0, 20 or 100 mg/l 
cycloheximid were added to each medium to test the necessity for anti-fungal agents. 
In addition, media were also added 2000 mg/l carbenicillin or a mixture of 200 mg/l 
ampicillin and 1000 mg/l streptomycin to test the effectiveness of different antibiotic 
agents to selectively enrich bacteria of the Planctomycetes target phylum. Initial 
isolation media contained either 0.25 g/l peptone (Bacto™) and 0.25 g/l yeast extract 
(Bacto™) or 20 ml/l of a 5% solution N-acetyl-D-glucosamine (NAG; Serva) as sole 
carbon and nitrogen source. For subsequent cultivation of novel strains, media received 
all, peptone, yeast extract and NAG as additional components. Algal attachment 
experiments were performed with media solely containing either Ascophyllum nodosum 
(BioOrigins, Sandleheath, United Kingdom) or Fucus serratus (Mountain Fresh, 
Lancashire, United Kingdom) powder in 2 g/l concentration. Media combinations and 
designations used in this study are listed in Table 1. 
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Table 1: Cultivation media used in this study. AMSM1, artificial marine snow medium 1; AMSM2, 
artificial marine snow medium 2; P, peptone; YE, yeast extract; NAG, N-acetyl-D-glucosamine; 
C, carbenicillin; A/S, ampicillin/streptomycin; A. n., Ascophyllum nosodum powder; F. s., Fucus 
serratus powder; G, glucose solution (10 or 40 ml/l); V, double concentrated vitamin solution; T, 
trace element solution. 
Medium 
designation 
Purpose 
Carbon- 
/ 
nitrogen 
source 
Fungizide 
concentration 
[mg/l] 
Antibiotic 
agent 
Additives 
M1H ASW Isolation P, YE 0, 20, 100 C or A/S 
G (10), V, 
T 
NAGH ASW Isolation NAG 0, 20, 100 C or A/S V, T 
M1H NAG 
ASW 
(Jeske et 
al., 2016) 
Growth  
P, YE, 
NAG 
- - 
G (10), V, 
T 
M3H NAG 
ASW 
Adv. 
growth 
P, YE, 
NAG 
- - 
G (40), V, 
T 
MM2 ASW 
(Jeske et 
al., 2016) 
Control - - - V, T 
AMSM1 
Algal 
attachment  
A. n. - - V, T 
AMSM2 
Algal 
attachment 
F. s. - - V, T 
 
Inoculation of cultivation media. Biofilm suspensions and algal portions of Laminaria, 
Fucus and Ulva were prepared as described above and used to inoculate liquid and 
solid M1H ASW and NAGH ASW media with different fungizide concentrations and 
antibiotic agents (Table 1). Solid media received either 15 µl biofilm suspension (spread 
out with heat sterilized glass beads) or 1 round algal portion, which was swapped over 
the plate and then placed in the middle in contact with the medium for inoculation. In 
addition, 100 ml liquid medium (same alterations as described above) were inoculated 
with either 100 µl biofilm suspension or with 1 round algal portion to serve as 
enrichment cultures (Beijerinck, 1901), favoring the growth of Planctomycetes due to 
the use of antibiotic agents (Lage and Bondoso, 2012). Another technique was adapted 
from (Sipkema et al., 2011) where 6-well inoculation plates (Corning® Costar® cell 
culture plates; Sigma-Aldrich, Munich, Germany) were added 5 ml of either M1H ASW 
with the highest fungizide concentration and carbenicillin or streptomycin or NAGH 
ASW with the same alterations (compare Table 1). For inoculation, biofilm suspensions 
of the three different algae were diluted 1:5, 1:10 or 1:50 in 5 ml sterile seawater and 
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filtered onto black polycarbonate filters (0.1 µm retention size, 25 mm Ø, GE Osmonics, 
Delft). Filters were placed floating ontop of the medium with sterile tweezers.  
All cultures were incubated in the dark at 20°C until colony growth or change in optical 
density (enrichment cultures) was observed. Interesting colonies (parameters for 
selection were e.g. a pink or cream colored pigmentation, smooth colony appearance 
and slow growth) were replated for purification to the corresponding isolation medium. 
Enrichment cultures were checked for enrichment of Planctomycetes by wide field 
microscopy (characteristic traits such as polar budding or pear- to spherical cell shape 
were taken as hints for the presence of Planctomycetes) plated on solid media as 
described for algal biofilms and resulting colonies were handled as described before. 
Strains were identified by 16S rRNA gene sanger sequencing and replated three times 
for purification after planctomycetal identity was confirmed. 
Molecular identification of novel isolates. Novel isolates were identified by direct 
sequencing of the 16S rRNA gene after amplification with the optimized universal 
primers 8f (5’–AGA GTT TGA TCM TGG CTC AG–3’) and 1492r (5’–GGY TAC CTT 
GTT ACG ACT T–3’) modified from (Lane, 1991). PCR reactions were performed 
directly on single colonies for identification or liquid cultures to check for purity, using 
the Taq DNA Polymerase Kit (Qiagen) with one reaction of 25 µl containing 11µl PCR–
grade H2O, 2.5 µl 10x CoralLoad buffer, 2.5 µl Q-Solution, 0.5 µl dNTPs (10 mM each), 
1 µl sterile bovine serum albumin solution (20 mg/ml), 0.5 µl MgCl2 solution (25 mM), 
0.125 µl Taq–Polymerase (1U/µl) and 1 µl of each primer (10 pmol). The employed 
protocol consisted of two steps, the first step with an initial denaturation at 94°C, 5 min, 
10 cycles of denaturation at 94°C, 30 sec, annealing at 59°C, 30 sec, elongation at 
72°C, 1 min, followed by the second step with 20 cycles denaturation at 94°C, 30 sec, 
annealing at 54°C, 30 sec, elongation at 72°C, 1 min and a final elongation step at 
72°C, 7 min. All amplifications were carried out using an Applied Biosystems Veriti 
thermal cycler (Thermo Fisher Scientific, Waltham, USA) and PCR products were 
stored at 4°C until Sanger sequencing with the service facility of the Ludwig-
Maximilians-University of Munich, employing the Cycle, Clean and Run BigDye® 3.1 
protocol. 
Phylogenetic novelty of planctomycetal isolates was pre-checked by BLASTn analyses 
excluding uncultured organisms but using otherwise default settings (Camacho et al., 
2009). Isolates with sequence identity values below 97% were considered as novel and 
their phylogenetic position was further investigated (see Phylogenetic tree 
reconstruction section). Out of all strains isolated by methods described in this chapter, 
five strains, designated K22.7T, FF011LT, K23.9T, HG15A2T and EC9T were subjected 
to further evaluation as described on the following pages of this chapter. 
To generate near full length 16S rRNA gene sequences, additional primers (Table 2) 
were used for sequencing. Sequences were cured manually and assembled employing 
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the ContigExpress application of the Vector NTI® Advance 10 software (Thermo Fisher 
Scientific, Waltham, USA) or program DNA Man (Lynnon Biosoft Corporation). 
 
Table 2: List of additional primers used to generate near-full length 16S rRNA gene sequences 
of phylogenetically novel planctomycetal isolates.  
Primer designation Sequence (5’ 3’) Reference 
341f 
CCT ACG GGW GGC 
WGC AG 
modified from (Muyzer et 
al., 1993) 
515f 
GTG CCA GCA GCC 
GCG G 
modified from (Lane, 1991) 
515r 
CCG CGG CTG CTG 
GCA C 
modified from (Muyzer et 
al., 1993) 
1055f 
ATG GCT GTC GTC 
AGC T 
modified from (Lee et al., 
1993) 
1055r 
AGC TGA CGA CAG 
CCA T 
modified from (Lee et al., 
1993) 
 
 
Phylogenetic tree reconstruction. 16S rRNA gene sequences of novel isolates were 
pre-aligned (SINA web aligner; (Pruesse et al., 2012)) and imported to the ARB 
software environment (Ludwig et al., 2004). Alignment was corrected manually and 
used for phylogenetic tree reconstruction, with the ARB software package, and the 
SILVA database release SSURefNR99_1200_slv_128. Trees were calculated under 
the Maximum Likelihood RAxML module and rate distribution model GTR GAMMA 
running the rapid bootstrap analysis algorithm, the Neighbor Joining tool with 
Felsenstein correction for DNA and Maximum Parsimony method employing the Phylip 
DNAPARS module. Bootstrap values for all three methods were computed with 1,000 
resamplings including the E. coli 16S rRNA gene positions 218 - 1376. The analysis 
involved 58 nucleotide sequences of described type strains and uncultured clones, 
related to the novel strains and anammox Planctomycetes as outgroup (compare Table 
3). 16S rRNA gene identity values of novel isolates and related type strains were 
calculated using neighbor joining clustering of the ARB package with the same position 
filter as used for tree reconstruction. 
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Table 3: List of sequences used for phylogenetic tree reconstruction. To resolve the position of 
novel planctomycetal strains, related sequences of bacterial clones (dark grey background) were 
included in the analyses. Anammox Planctomycetes served as outgroup (light grey background). 
Strains displayed in the phylogenetic tree (Figure 1) are displayed in bold capture. 
Species Strain 
16S rRNA gene 
accession number 
Algisphaera agarilytica 06SJR6-2 AB845176 
Aquisphaera giovannonii OJF2T NR_122081 
Bythopirellula goksoyri Pr1d NR_118636 
Blastopirellula cremea LHWP2T NR_118153 
Blastopirellula marina SH 106T NR_029226 
Fimbriiglobus ruber SP5T KX369544 
Gemmata massiliana IIL30T JX088244 
Gemmata obscuriglobus UQM 2246T NR_114712 
Gimesia maris 534-30T NR_025327 
Isosphaera pallida IS1BT NR_074534 
Paludisphaera borealis PX4T KF467528 
Phycisphaera mikurensis FYK2301M01T NR_074491 
Pirellula staleyi ATCC 27377T NR_074521 
Planctomicrobium piriforme P3T KP161655 
Planctopirus limnophila Mü 290T NR_074670 
Rhodopirellula baltica SH 1T NR_043384 
Rhodopirellula lusitana UC17 EF589351 
Rhodopirellula rosea LHWP3 JF748734 
Rhodopirellula rubra LF2T HQ845500 
Roseimaritima ulvae UC8T HQ845508 
Rubinisphaera brasiliensis DSM 5305T NR_074297 
Rubripirellula obstinata LF1T DQ986201 
Schlesneria paludicola MPL7T NR_042466 
Singulisphaera acidiphila MOB10T NR_102439 
Singulisphaera mucilagenosa Z-0071T HM748856 
Singulisphaera rosea S26T NR_116969 
Thermogutta hypogea SBP2T KC867695 
Thermogutta terrifontis R1T KC867694 
Thermopirellula anaerolimosa VM20-7 AB558583 
Thermostilla marina SVX8T KR872395 
Telmatocola sphagniphila SP2T NR_118328 
Tepidisphaera mucosa 2842T KM036168 
Zavarzinella formosa A10T NR_042465 
Ca. Anammoxoglobus propionicus - EU478694 
Ca. Brocadia anammoxidans - AF375994 
Ca. Brocadia fulgida - DQ459989 
Ca. Brocadia sinica JPN1 AB565477 
Ca. Jettenia asiatica - DQ301513 
Ca. Jettenia caeni KSU1 AB057453 
Ca. Kuenenia stuttgartiensis - CT573071 
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Ca. Scalindua brodae - AY257181 
uncultured marine sediment clone - JX001544 
uncultured marine plankton clone P3-7B_30 KC001544 
uncultured planctomycete FII-AN034 JQ579975 
planctomycete strain 529 529 AJ231169 
Pirellula sp. Schlesner 158 158 X81941 
planctomycetal bacterium  YC-ZSS-LKJ22 KP174528 
uncultured microbial mat clone HL7711_P1B5 KC896657 
uncultured hypersaline clone 1 SBYN_6609 JN464822 
Pirellula sp. Schlesner 382 382 X81943 
sediment planctomycete DDSe1305 JF443760 
uncultured hypersaline clone 2 SBYB_2604 JN439007 
planctomycete strain 292 292 AJ231182 
uncultured coral clone Apal_G07 GU118069 
 
Characterization of novel Planctomycetes 
Wide field microscopy. Bacterial cells were immobilized on a 1% agarose–pad in 
MatTek 35 mm glass-bottom dishes and imaged under phase–contrast illumination 
using a Nikon Eclipse Ti invers microscope at 100-fold magnification and employing 
the Nikon DS-Ri2 camera. To determine the cell size of the novel strains, 100 individual 
cells of each strain were measured using the NIS-Elements software V4.3 (Nikon 
Instruments). 
Z-stacks were imaged to visualize algal attachment with the same microscopic setup 
mentioned above. To increase overall sharpness of phase contrast images, z-stacks 
were processed with the software PICOLAY (www.picolay.de) using the focus stacking 
option. By using this option, the program takes the sharp areas of each stack, 
generating a single overall sharp picture. 
Field emission scanning electron microscopy of bacteria, biofilms on algal 
portions and algae granula. Algae granula with attached bacteria or novel strains in 
pure culture were fixed in modified HEPES buffer (3 mM HEPES, 0.3 mM CaCl2, 0.3 
mM MgCl2, 2.7 mM sucrose, pH 6.9) containing 1% formaldehyde for 1 h on ice and 
were washed once with the same buffer. Cover slips with a diameter of 12 mm were 
coated with a poly-L-lysine solution (Sigma-Aldrich, Munich, Germany) for 10 min, 
washed with distilled water and air-dried. Algal portions (pre-fixed with 1,5 
formaldehyde (described before) or 50 µl of the fixed bacteria solution were placed on 
a cover slip and allowed to settle for 10 min. Cover slips were then fixed in 1% 
glutaraldehyde in TE buffer (20 mM TRIS, 1 mM EDTA, pH 6,9) for 5 min at room 
temperature and subsequently washed with TE–buffer (twice) before dehydrating in a 
graded series of acetone (10, 30, 50, 70, 90, 100%) on ice for 10 min at each 
concentration. Samples from the 100% acetone step were brought to room temperature 
before placing them in fresh 100% acetone. Samples were then subjected to critical-
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point drying with liquid CO2 (CPD 300, Leica). Dried samples were covered with a 
gold/palladium (80/20) film by sputter coating (SCD 500, Bal-Tec) before examination 
in a field emission scanning electron microscope (Zeiss Merlin) using the Everhart 
Thornley HESE2–detector and the inlens SE–detector in a 25:75 ratio at an 
acceleration voltage of 5 kV.  
Transmission electron miscroscopy. Thin sections of strains K22.7T, FF011LT, 
K23.9T, HG15A2T and EC9T were prepared by high pressure freezing and freeze 
substitution as previously described (Jogler et al., 2011). Sections were subsequently 
analyzed employing a JEOL 1200EX - 80kV TEM microscope. 
Determination of growth optima. Strains K22.7T, FF011LT, K23.9T, HG15A2T and 
EC9T were grown in M1H NAG ASW medium to early stationary phase each time 
before being subject to growth optimum determination experiments. Optimum growth 
temperatures were determined by change of optical density at 600 nanometer 
wavelengths. Glass tubes were inoculated 1:10 with fresh culture material. 
Temperatures of 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 32, 34, 36 and 40°C were tested 
in duplicates each. Due to the nature of the instrument used for this experiment, 
incubation temperatures varied slightly between measurements and strains. Exact 
temperatures are shown in corresponding optimum graphs (Figure 13). Determination 
of the optimal pH for growth was performed in M1H NAG ASW medium buffered to pH 
5 – 10 in 0.5 steps at 10 mM final concentrations with MES, HEPES, HEPPS and CHES 
buffers. Final determination of optimal growth conditions was achieved analyzing 
resulting growth curves by plotting change of OD600nm during exponential growth 
phases (slope values; y-axis), of each individual temperature or pH against their 
corresponding values (x-axis). 
Catalase and cytochrome oxidase activity. Positive catalase activity was determined 
by reaction of fresh cell material with 3% H2O2 solution, resulting in the release of 
oxygen (catalase-positive organisms). Cytochrom oxidase activity was determined 
using Bactident® Oxidase test stripes (Merck Millipore, Darmstadt, Germany) following 
the manufacturer’s instructions. 
Substrate utilization. Substrate utilization of strains K22.7T, FF011LT, K23.9T, 
HG15A2T and EC9T was determined using the Biolog GN2 MicroLog™ test panel for 
Gram-negative bacteria. Sterile glass tubes were prepared in duplicates with a basic 
sterile medium mixture containing 14.2 ml IF-0a inoculation fluid (Biolog), 1.6 ml of a 
10x salt solution (Buddruhs et al., 2013), 160 µl 1M HEPES buffer (pH 8.0), 80 µl double 
concentrated vitamin solution and 16 µl trace element solution. Tubes were inoculated 
with bacterial colony material from exponentially growing cultures to a turbidity of 50 - 
60%. Two individual plates per strain were evaluated. To enable the comparison of 
utilization values, the data of each single experiment were normalized to 100. Only 
values corresponding to > 25% utilization were considered positive. A heat map of 
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resulting values was computing using the R environment (RCoreTeam, 2015) with the 
heatmap.2() function of the gplots package. 
Cellular fatty acid analysis. Biomass of the isolated strains was obtained from liquid 
cultures grown in M1H NAG ASW medium at the strains’ corresponding optimum 
growth temperature until stationary phase. Cultures were centrifuged and the 
supernatant was discarded. Biomass was given to the Identification Service of the 
German Collection of Microorganisms and Cell Cultures (DSMZ) and 30 mg of 
lyophilized biomass was processed according to the standard protocols of the facility 
based on methods of (Miller, 1982; Kuykendall et al., 1988). 
Algal attachment assay. To investigate the attachment and growth behavior of novel 
isolated strains, two media with alga-derived powder as sole carbon and nitrogen 
source were prepared and designated “artificial marine snow medium 1” (AMSM1; algal 
powder from the brown alga Ascophyllum nodosum) and AMSM 2 (algal powder from 
the brown alga Fucus serratus). Attachment experiments were performed in self-build 
incubator flasks of 5l total volume, allowing stirring of the cultures as well as constant 
oxygenation with a sterile air flow. 
The first attachment experiment was performed with strain EC9T, grown in AMSM1 
medium for a total of 30 days and attachment was documented by field emission 
scanning electron miscroscopy (FESEM) and wide field microscopy. 
The second experiment was performed with strain K22.7T in AMSM2, where algal 
material of Fucus serratus was used, since strain K22.7T was originally isolated from a 
Fucus specimen. In the second experiment, in addition to attachment, growth of K22.7 
was measured by dry weight determination. 
Since AMSM media were very dark in color and contained a lot of algal particles, optical 
density determination was neglected. Instead, planctomycetal growth was measured 
by change in biomass using a slightly modified version of the method described by 
(Jeske et al., 2016). In brief, 5 ml aliquots of the inoculated culture (AMSM2) and media 
controls (AMSM2 without bacteria; M3H NAG ASW culture as positive control; MM2 
ASW as negative control) were drawn in triplicates and vacuum-filtered through a stack 
of two pre-dried (120 min at 80°C) Whatman™ GF/D glass fiber filters (pore size of 2.5 
µm each, 47 mm diameter GE healthcare, Solingen, Germany). After filtration, filters 
were dried for 24h at 80°C to remove remaining liquid and filter weight was determined 
using a micro scale. To correlate bacterial growth and biomass production under 
standard cultivation conditions, positive control cultures (M3H NAG ASW) and cultures 
in MM2 ASW were filtered as described above and compared to optical density 
measurements at 600 nm wavelengths of the same cultures. 
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Bacterial community analyses 
Whole genome amplification by multiple displacement amplification. Genomic 
DNA extracted from water filters and algal biofilms was amplified by multiple 
displacement amplification (MDA) based on phage Ф29 (phi29) DNA polymerase 
(Blanco et al., 1989). For this purpose, the illustra™ GenomiPhi™ V3 DNA 
Amplification Kit (GE Healthcare) (Dean et al., 2002) was used following the general 
recommendations of the manufacturer. For one single amplification reaction (20 µl total 
volume), 1 ng of genomic DNA was used. To reduce remaining stochastic amplification 
bias, three independent reactions per filter were pooled. To reduce contamination with 
external DNA, preparation steps not involving a DNA template were performed under 
a PCR cabinet (AirClean®Systems, StarLab, Hamburg, Germany) previously 
decontaminated using DNA-away (Molecular BioProducts™, Thermo Fisher Scientific, 
Waltham, USA) and UV light for 1 hour. DNA was added in another room under a 
second PCR cabinet of the same brand and amplification reactions were performed in 
a thermal cycler (Veriti 96-Well, Applied Biosystems). MDA amplified gDNA was stored 
at -20°C until further processing. 
Amplicon preparation. Amplification of the variable region 3 (V3) of the 16S ribosomal 
RNA gene was performed using two subsequent PCR amplifications. The first protocol 
was used to enrich the V3 region of MDA DNA obtained from water filters and algal 
biofilms. In this protocol, universal forward primer 341f (5'- CCT ACG GGW GGC WGC 
AG-3') and the reverse primer uni515r (5'- CCG CGG CTG CTG GCA C-3') (modified 
from 518r) (Muyzer et al., 1993) were used. The second PCR protocol was then 
performed with extended V3 region primers V3F (5’- AAT GAT ACG GCG ACC ACC 
GAG ATC TAC ACT CTT TCC CTA CAC GCT CTT CCG ATC TCC TAC GGG WGG 
CWG CAG -3’) and indexed V3R primers (5’- CAA GCA GAA GAC GGC ATA CGA 
GAT XXX XXX GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG ATC TCC GCG 
GCT GCT GGC AC -3’) (modified from (Bartram et al., 2011)). Sample/index 
combinations are listed in Table 4. 
PCR reactions for the first protocol of 50 µl contained 25-29 µl microbial DNA-free water 
(Qiagen, Venlo, Netherlands), 10 µl 5x Q5 Reaction Buffer (final conc. 1x; New England 
Biolabs), 10 µl 5x Q5 High GC Enhancer (final conc. 1x; New England Biolabs), 1 µl 
dNTP Mix (final conc. 200 µM; New England Biolabs), 0.5 µl of each primer (341 fwd, 
uni515 rev; final conc. 0.1 µM), 0.5 µl Q5 High fidelity DNA Polymerase (final conc. 
0.02U/µl; New England Biolabs) and 1-5 µl amplified MDA gDNA (~500 ng). The cycling 
program consisted of an initial denaturation step at 94°C, 5 min, followed by 10 cycles 
of denaturation at 94°C, 1 min, annealing at 63°C, 1 min, elongation at 72°C, 1 min and 
a final elongation step at 72°C, 10 minutes. Three independent preamplification 
reactions were pooled and stored at 4°C until further processing.  
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The next PCR amplification was performed to add sequence indices and adapter 
sequences for subsequent Illumina sequencing. PCR reactions of 50 µl contained 13.1 
µl PCR-grade H2O (Qiagen, Venlo, Netherlands), 10 µl 5x Q5 Reaction Buffer (final 
conc. 1x; New England Biolabs), 10 µl 5x Q5 High GC Enhancer (final conc. 1x; New 
England Biolabs), 1 µl dNTP Mix (final conc. 200 µM; New England Biolabs), 0.2 µl of 
each primer (V3 fwd, V3_34 rev; final conc. 0.2 µM), 0.5µl Q5 High fidelity DNA 
Polymerase (final conc. 0.02U/µl; New England Biolabs, M0491) and 10 µl PCR 
product of the first PCR as DNA template. Amplification was performed with a cycling 
program including an initial denaturation step at 98°C, 5 min, followed by 10 cycles of 
denaturation at 98°C, 1 min, annealing at 65°C, 1 min, elongation at 72°C, 1 min and 
a final elongation step at 72°C, 5 minutes. To reduce stochastic amplification bias, three 
independent amplifications were performed. 
This protocol was established during this thesis and has, with slight variations, been 
used to generate amplicons for a study conducted by Vollmers et al. (currently in 
revision at Frontiers in Microbiology). 
 
Table 4: Oligonucleotides for amplicon generation used in this study. All primers were developed 
by Dr. Pia Kaul and/or Dr. Boyke Bunk (DSMZ, Brunswick, Germany) based on (Bartram et al., 
2011). Each sample was prepared with a unique reverse primer. 
Primer Amplicon Index sequence [5’  3’] 
V3R_81 Laminaria Biofilm TCT CGG 
V3R_92 Laminaria glass fiber filter CGG TGT 
V3R_82 Laminaria polycarbonate filter TCA GCG 
V3R_32 Fucus Biofilm TTG TGA 
V3R_36 Fucus glass fiber filter TAA CTC 
V3R_33 Fucus polycarbonate filter TTG ACT 
V3R_37 Ulva Biofilm TAC CAA 
V3R_61 Ulva glass fiber filter CAT CTT 
V3R_60 Ulva polycarbonate filter CTA GAA 
 
 
Amplicon gel-electrophoresis and -extraction. Amplicon PCR products were 
separated by agarose gel eletrophoresis (2% strength; Serva, Heidelberg, Germany) 
in 1x tris-acetate-EDTA buffer (diluted from 50x TAE with deionized water; Applichem, 
Darmstadt, Germany) at 130V for 90 min. The gel was stained with SYBR® gold nucleic 
acid gel stain (final conc. 1x in 1x TAE; Thermo Fisher Scientific, Waltham, USA) for 
60 min and DNA was visualized by UV light through a blue transilluminator to avoid 
damaging the DNA. Amplicon bands (fragment size of ~300 bp) were cut out using 
34 
sterile single-use scalpels and extracted using the NucleoSpin Gel and PCR Clean-up 
kit (Macherey-Nagel, Düren, Germany) where all three replicates of each sample were 
purified over the same column. 
Amplicon sequencing and sequence processing.  
Reads of V3 amplicons obtained from Illumina multiplex sequencing (MiSeq® Analyzer) 
were quality trimmed using the tool Trimmomatic (Bolger et al., 2014). The trimmed 
sequences were then filtered for those starting with the forward and ending with the 
reverse primer. The remaining sequences were subsequently checked for chimera 
using the UCHIME algorithm (Edgar et al., 2011). Nonchimeric sequences were further 
processed by clipping the forward and the reverse primer sequences and applying a 
length filter for sequences between 120 and 167 bp. Sequences below or above this 
cut-off were found to be chimeric sequences that were not detected by the UCHIME 
algorithm. The processed sequences were submitted to SILVAngs for taxonomic 
classification (Quast et al., 2013; Yilmaz et al., 2014). Files were uploaded as 
suggested in the SILVAngs user-guide and data were processed by the SILVAngs 
software according to the protocol, including alignment with the SINA aligner (Pruesse 
et al., 2012). During the process, a de-replication step, eliminating 100% identical reads 
by only processing the longest read, as well as OTU definition and clustering 
(Weizhong and Godzik, 2006) was performed. OTUs were classified by a local BLAST 
search using blastn with default parameters in accordance to the non-redundant 
version of the SILVA SSU Ref database (Quast et al., 2013). Classification of defined 
OTUs was visualized using the implemented software tool Krona (Ondov et al., 2011). 
Genome sequencing and processing 
Sequencing of bacterial genomes. Genomes of strains K22.7T, FF011LT, K23.9T and 
HG15A2T were sequenced on a PacBio RSII sequencing instrument 
(PacificBioscience; Menlo Park, CA, USA) and SMRTbell™ template libraries were 
prepared according to the instructions from PacificBiosciences, following the Procedure 
& Checklist: Greater than 10 kb Template: Preparation and Sequencing. In brief, for 
the preparation of 10kb libraries 8 µg genomic DNA libraries was sheared using g-
tubes™ (Covaris, Woburn, MA, USA) according to the manufacturer´s instructions. 
gDNA was end-repaired and ligated overnight to hairpin adapters, applying 
components from the DNA/Polymerase Binding Kit 2.0 (PacificBiosciences, Menlo 
Park, CA, USA). Reactions were carried out according to the manufacturer´s 
instructions. Size-Selection to 7 kb was performed according to the manufacturer´s 
instructions (BluePippin™; Sage Science, Beverly, MA, USA). Conditions for annealing 
of sequencing primers and binding of polymerase to purified SMRTbell™ template were 
assessed with the Calculator in RS Remote (PacificBiosciences, Menlo Park, CA, 
USA).  
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SMRT long read sequencing was carried out taking 180-minutes movies for each 
SMRT cell. In case of strain FF011L nine SMRT cell were run applying the P4 
Chemistry. For strains K22.7, HG15A2 and K23.9 the newer P5 chemistry in 
combination of 1-2 SMRT cells per strain was used.  
Libraries for short read whole genome sequencing were prepared with TruSeq DNA 
Sample Prep Kit v2 (llumina Inc.; San Diego, CA, USA) and sequencing was performed 
on the HiSeq 2500 (llumina Inc.; San Diego, CA, USA) for 100 cycles in both directions 
to obtain around 3.5M reads for each sample.  
For strain EC9T a paired-end sequencing library was prepared with the TruSeq DNA 
PCR-Free LT Library Preparation Kit (Illumina Inc., San Diego, USA) according to the 
manufacturer`s instructions given in TruSeq DNA PCR-Free Library Prep Reference 
Guide`s Low Sample (LS) Protocol for 550 bp libraries. The readily prepared sample 
was quantified with the NEBNext Library Quant Kit for Illumina (New England Biolabs, 
Ipswich, USA). An additional mate-pair sequencing library was made with the Nextera 
Mate Pair Library Prep Kit (Illumina) following the manufacturer`s Nextera Mate Pair 
Library Prep Reference Guide`s Gel-Plus protocol using agarose-gel size selection. 
Both libraries were sequenced on an Illumina MiSeq System employing 150 (mate-pair 
library) or 600 (paired-end library) cycles with a MiSeq Reagent Kit v3 (Illumina). 
Genome assembly and deposition. Long read genome assembly was performed 
using the RS_HGAP_Assembly.3 protocol SMRT Portal version 2.3.0 applying 
standard parameters with exception of strain FF011L, which has been assembled 
earlier with RS_HGAP_Assembly.3 in SMRT Portal version 2.2.0. Per strain, one final 
contig could be obtained, which was error-corrected using all Illumina reads using BWA 
(Li and Durbin, 2009) and subsequent variant and consensus calling using CLC 
Genomics Workbench 7.03 (http://www.clcbio.com). Finally, the error-corrected 
consensus sequence was trimmed, circularized and adjusted to dnaA as the first gene. 
Genome finishing quality is estimated to be at 99.9999% (QV 60) confirmed by final 
PacBio Resequencing. 
For strain EC9T, both types of sequencing reads, adapter clipping and read trimming 
was done with Trimmomatic v0.35 (Bolger et al., 2014). For the mate-pair data, virtual 
read libraries of paired-end and mate-pair reads were created previously with NxTrim 
v160227 (O'Connell et al., 2015). After adapter removal, FastQ Screen v0.4.4 (Wingett, 
2011) was employed to filter the data sets for contaminations and reads of low 
complexity were discarded with PRINSEQ lite v 0.20.4 (Schmieder and Edwards, 
2011). Subsequently, overlapping paired-end reads were merged using FLASH v1.2.11 
(Magoc and Salzberg, 2011). 
The processed reads were assembled with SPAdes v3.7.0 (Bankevich et al., 2012). A 
subsequent scaffolding step of the pre-assembled contigs was applied by reusing the 
paired-end and mate-pair data with SSPACE (Boetzer et al., 2011) followed by an 
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approach to close the formed gaps with Sealer (Paulino et al., 2015). The size of the 
last remaining gap was determined by an overspanning PCR.  
The gained consensus sequences of all five strains were trimmed, circularized and 
adjusted to dnaA as the first gene. Finally, genome annotation was performed using 
PROKKA 1.11 (Seemann, 2014).  
Complete genome sequences of K22.7T, FF011LT, K23.9T, HG15A2T and EC9T have 
been submitted to NCBI GenBank and will be distributed from the authors by request. 
Core genome determination and cluster detection of orthologous groups. 
Genomes of K22.7T, FF011LT, K23.9T, HG15A2T and EC9T were compared by 
reciprocal alignment on three different phylogenetic levels (Lechner et al., 2011) to 
determine core genomes shared by the novel strains between each other, the ‘Pirellula’ 
clade and genomes across the whole phylum Planctomycetes (Table S3). Clusters of 
orthologous groups of the encoded proteins were determined using the tools and 
methods described by (Galperin et al., 2015; Huerta-Cepas et al., 2016). Prediction of 
genomic islands was performed using the web tool IslandViewer3 (Dhillon et al., 2015).  
Secondary metabolite cluster analysis. Genome analysis of K22.7T, FF011LT, 
K23.9T, HG15A2T and EC9T was performed using the antiSMASH web tool (version 
3.0) -by uploading genbank files- with default settings (Weber et al., 2015). 
 
Results 
Novel strains of Planctomycetes 
Isolation and identification. Inoculation of solid media revealed a strong presence of 
fungal activity in biofilm suspensions and on algal portions. Samples without 
cycloheximide were overgrown by fungal contaminants in 2-5 days. The same 
observation was made for the floating filter assay modified from (Sipkema et al., 2011) 
or enrichment cultures inoculated with biofilm or algal material. Cultures which received 
sample material pretreated with 20 or 100 mg/l fungizide solution did not show fungal 
growth within the first month of incubation at 20°C.  
While more colonies were obtained on M1H ASW (~100 colonies per plate; growth in 
EC cultures after 4-20 days) in comparison to NAGH ASW cultures (~5-20 colonies per 
plate; growth in EC cultures after 25-90 days), microscopic analysis revealed that M1H 
ASW enriched a broad spectrum of bacteria and not specifically Planctomycetes, even 
when carbenicillin (C) or ampicillin/streptomycin (A/S) were present. In contrast, 
colonies obtained from NAGH ASW cultures in most cases displayed planctomycetal 
morphology and cultures containing antibiotic agents were highly enriched in 
planctomycetal bacteria. In addition, while carbenicillin reduced the overall colony 
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count for both isolation media, the mixture of ampicillin/streptomycin was more effective 
in promoting planctomycetal growth, even though colony formation was delayed on A/S 
containing media, with an average time of ~30 days until first colonies or change of 
optical density was noted. 
From all cultivation methods used, biofilm plating, swapping of algal portions over solid 
media and plating of enrichment cultures with highly selective medium (NAGH ASW + 
A/S) on the corresponding solid medium proved to be the most effective method for a 
selective cultivation of Planctomycetes. In total, ~200 colonies of morphologically 
interesting strains (pink/red/cream pigmentation) and bacteria showing a budding 
division mechanism were subjected to 16S rRNA gene sequencing and preliminary 
blastn analysis to identify novel species.  
Applying a treshold of <97% 16S rRNA gene identity as indication for a novel bacterial 
species, five novel planctomycetal strains were identified. Strain designations were 
chosen based on the cultivation method used and the algal material they were isolated 
from. Thus, strains are further referenced to as K22.7T (isolated from Fucus sp. biofilm 
plating), K23.9T (isolated from Fucus sp. biofilm plating), FF011LT (isolated from 
Laminaria sp. floating filter assay), HG15A2T (isolated from Laminaria sp. biofilm 
plating) and EC9T (isolated from an Ulva sp. enrichment culture). Phylogenetic tree 
reconstruction (Figure 1) revealed that strains K22.7T, K23.9T, EC9T and HG15A2T 
shared 96.2, 95.83, 90.16 and 90.43% 16S rRNA gene sequence identity with their 
closest related type strains Rubripirellula obstinata LF1T, Rhodopirellula rosea 
LHWP3T, Rhodopirellula baltica SH1T and Bythopirellula goksoyri Pr1DT, respectively. 
Strain FF011LT shared 97.2% 16S rRNA gene sequence identity with its closest related 
type strain Roseimaritima ulvae UC8T, thus representing a novel species within the 
genus Roseimaritima. 
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Figure 1: Maximum likelihood 16S rRNA gene-based phylogenetic tree. All five strains belong to 
the family Planctomycetaceae and represent 4 novel genera and one additional species within 
the genus Roseimaritima. Related sequences of uncultured bacteria are shown for comparison 
and pronounce the distinct phylogenetic positions of strains K22.7T, FF011LT, K23.9T, HG15A2T 
and EC9T. Bootstrap values based on three different tree building methods (Maximum Likelihood: 
ML; Neighbor Joining: NJ; Maximum Parsimony: MP). Black dots indicate support values above 
70% for all three methods while grey dots show support values of more than 50% for all three 
methods but less than 70% at least for one method. Branches that were not supported by all 
three methods show no dot. Scale bar indicates 10% estimated sequence divergence 
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Sequence identity values of the novel strains with their closest related type strains are 
listed in Table 5. 
 
Table 5: 16S rRNA gene identity matrix of novel strains isolated from North Sea macro algae. 
Identity values of the new strains and their closest related type strains are shown in bold face.  
 % identity 1 2 3 4 5 6 7 8 9 10 
1 K23.9T 100          
2 
Rhodopirellula 
rosea LHWP3T 
95.83 100         
3 K22.7T 95.83 94.93 100        
4 
Rubripirellula 
obstinata LF1T 
95.64 95.83 96.2 100       
5 FF011LT 92.75 93.25 93.81 93.05 100      
6 
Roseimaritima 
ulvae UC8T 
93.7 93.53 95.48 93.8 97.19 100     
7 EC9T 90.26 90.36 89.87 88.65 90.55 91.52 100    
8 
Rhodopirellula 
baltica SH1T 
95 96.39 95.02 94.64 92.11 93.44 90.16 100   
9 HG15A2T 85.24 86.44 86.44 84.43 86.34 86.03 87.25 86.44 100  
10 
Bythopirellula 
goksoyri Pr1DT 
84.35 84.17 84.17 83.38 84.7 84.27 85 84.7 90.43 100 
 
Evaluation of the phylogenetic novelty of strains K22.7T, K23.9T, EC9T, HG15A2T and 
FF011LT is based on recently published threshold values for 16S rRNA gene sequence 
comparison (Rosselló-Móra and Amann, 2015). 
Morphological and cell biological features of novel Planctomycetes. Cells of 
strains K22.7T, FF011LT, EC9T, K23.9T and HG15A2T were investigated by light and 
scanning- and transmission electron microscopy. Average cell size of strain K22.7T was 
2.45 ± 0.37 µm in length and 1.38 ± 0.34 µm width. Strain FF011LT was smaller, 
measuring 2,01 ± 0.26 µm in length and 1.03 ± 0.17 µm in width. With its elongated cell 
bodies, cells of strain EC9T measured 2,39 ± 0.32 µm in length and 1.21 ± 0.2 µm in 
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width. Cells of strain K23.9T were rounder, with average measures of 2,4 ± 0.32 µm in 
length and 2.03 ± 0.28 µm in width. The smallest of the novel strains was HG15A2T, 
measuring 1.83 ± 0.23 in length and 1.3 ± 0.17 µm in width (compare Figure 2). 
 
 
 
 
Figure 2: Cell sizes of the novel isolated Planctomycetes strains K22.7T, FF011LT, K23.9T, 
HG15A2T and EC9T. Average cell size of all five strains was investigated by light microscopy and 
under phase-contrast illumination. Cell size was determined by measuring 100 individual cells 
per strain and average cell size with standard deviations for lengths and widths were calculated. 
Each dot represents one measurement with median and deviation values indicated by black 
perimeters. For each strain, the left column counts represent cell lengths, while the right column 
shows values obtained for widths. 
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Phase contrast imaging revealed a typical planctomycetal cell shape for K22.7T, where 
cells are slightly elongated with a tear-like morphology. Cells reproduced by polar 
budding (Figure 3A). Cells form aggregates and small rosettes consisting of 3 to several 
cells. No motility and chain formation was observed (Figure 3B+C). Scanning electron 
microscopy (SEM) revealed a smooth cell surface with no crateriform structures visible 
(Figure 3D). In addition, cells seemed to be embedded in an extracellular matrix 
compound, which sometimes connected individual cells with one another (Figure 
3E+F). 
 
 
Figure 3: Morphology of strain K22.7T. Cells of K22.7T were shaped like slightly elongated tears 
with one pole bigger than the other (A+D). Cells connected at the smaller poles (A+D) to form 
rosettes or larger aggregates (B+C). Scanning electron microscopy revealed the existence of an 
extracellular matrix compound which interconnected cells in aggregates or rosettes (E+F). Scale 
bar, 1 µm. 
 
The extracellular compound was also visible in liquid cultures, where cells formed 
dense biofilms on glass surfaces when incubated under constant agitation. 
Transmission electron miscroscopy (TEM) of K22.7T thin sections revealed cells with a 
condensed nucleoid (Figure 4A+B, N), partially invaginated periplasmic space (Figure 
4A+B, P) and a cytoplasmic space of varying size (Figure 4A+B, C). In addition, the rim 
of the bigger pole of some cells is seamed with tubule- or fiber-like structures which 
locate through the outer most membrane into the periplasmic space (Figure 4A+B, 
black asterisks). A lateral view on the same structure is visible in Figure 4A (white 
asterisks), indicating that the structures are distributed around the cap of the bigger cell 
pole. In Figure 4C and D, interconnections between different cells are highlighted (white 
arrowheads). Since the cells are embedded in an extracellular matrix, no clear 
identification of a structure corresponding to the observed morphological tubule-like 
feature of the thin sections was possible.  
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Figure 4: Thin sections and scanning electron micrographs of strain K22.7T. TEM and SEM 
methods were used to further investigate morphological and cell biological features. Thin 
sections revealed the existence of two double membranes parting the cell in a periplasmic space 
(Image A+B; P) and cytoplasm (Image A+B; C). Many cells showed a condensed nucleoid 
(Image A+B; N), while some cells also possessed fiber-like structures evenly distributed around 
the bigger pole cap, spanning from the outside of the cell through the outer membrane and 
through the partially enlarged periplasmic space (black asterisks). One section also showed 
these structures cut laterally (A; white asterisks), pronouncing their even distribution on the 
cellular pole. Close-up investigation of SEMs revealed that an extracellular matrix compound 
interconnected the cells, stretching over distances up to several µm (C+D, white arrowheads). 
Scale bars, 500 nm. 
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Cells of FF011LT show a similar cell shape as strain K22.7T, with cells forming rosettes 
of up to 10 cells. The cells divided by budding (Figure 5A+B). No aggregate formation 
(Figure 5C) in liquid culture and no motility was observed. SEM imaging revealed a 
network of fiber-like structures at the bigger cell pole of strain FF011LT (Figure 5D). 
However, cells connected mostly via the end of the thinner pole (Figure 5E), while the 
fiber-like structures connected the cells in lose aggregates (Figure 5F), not visible in 
phase contrast imaging.  
 
 
Figure 5: Morphology of strain FF011LT. Cells of FF011LT were shaped like elongated tears with 
one pole bigger than the other (A+D). Cells connected at the smaller poles (A+D) to form rosettes 
or larger aggregates (B+C). Scanning electron microscopy revealed the existence of fiber-like 
structures distributed around the cap of the thicker cell pole (D-F). These fibers also 
interconnected cells in rosettes or aggregates (E+F). Scale bar, 1 µm. 
 
TEM of FF011LT thin sections revealed cells with a condensed nucleoid (Figure 6A, N) 
and often enlarged periplasmic space (Figure 6A, P). In addition, strain FF011LT 
displayed the same tubule- or fiber-like structures which locate through the outer most 
membrane into the periplasmic space (Figure 6A+B, white asterisks), as seen before 
in strain K22.7T. In the case of strain FF011LT, the fiber-like structures were clearly 
visible in SEM images (Figure 6C+D, white asterisks), indicating that the 
transmembrane apparatus seen in TEM images might resemble the same fibers seen 
in SEM images, since their location around the cap of the bigger cell pole correlates. 
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Figure 6: Thin sections and scanning electron micrographs of strain FF011LT. TEM and SEM 
methods were used to further investigate morphological and cell biological features. Thin 
sections revealed the existence of two double membranes parting the cell in a periplasmic space 
(Image A; P) and cytoplasm (Image A+B; C). Cells showed a condensed nucleoid (Image A+B; 
N), while many cells also displayed structures evenly distributed around the bigger pole cap, 
spanning from the outside of the cell through the outer membrane and through the partially 
enlarged periplasmic space. These structures potentially correspond to the fiber-like mesh seen 
in SEM images (A; white asterisks). A lateral view on the structures indicates a dense 
accumulation around the whole pole cap (B; white asterisks). Close-up investigation of SEMs 
backed up the previously seen tight mesh of fibers which are present not only on matured cells, 
but also on immature smaller cells (C+D, white asterisks). Scale bars, 500 nm. 
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Strain ECT displayed a rod-shaped morphology, with one pole being bigger than the 
other (Figure 7A, D). Cells formed large aggregates and rosettes with many cells 
attached to one another at the inner pole (Figure 7C, E+F). Cells divided by polar 
budding (Figure 7E) and no motility was observed.  
 
 
Figure 7: Morphology of strain EC9T. Cells of EC9T were shaped like elongated tears with one 
pole bigger than the other (A+D). Cells were connected at the smaller poles or bigger poles (A+B) 
to form rosettes or larger aggregates (B+C). Scanning electron microscopy revealed the 
existence of smaller and bigger cells, forming multicellular rosettes or aggregates (E+F). Scale 
bar, 1 µm. 
 
TEM images revealed the same cellular structure as seen before in strains K22.7T and 
FF011LT, showing a condensed nucleoid, partially enlarged periplasm and a cytoplasm 
with ribosomes (Figue 8A+B, N,P,C). In addition, many cells showed a stacked 
structure at the end of the bigger cell pole, seemingly attached to the cell from the 
outside (Figure 8A+B, black asterix). However, no resembling structure was observed 
in SEM. Cells of EC9T showed crateriform structures, evenly distributed at the cap of 
the bigger cell pole (Figure 8C+D, white arrowheads). Resembling features could also 
be observed in thin sections of cells investigated by TEM (Figure 8A+B, white 
arrowheads). 
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Figure 8: Thin sections and scanning electron micrographs of strain EC9T. TEM and SEM 
methods were used to further investigate morphological and cell biological features. Thin 
sections revealed the existence of two double membranes parting the cell in a periplasmic space 
(Image A+B; P) and cytoplasm (Image A+B; C). Cells showed a condensed nucleoid (Image 
A+B; N). Some cells showed a linear, stacked-looking structure at the bigger cell pole (A+B; 
black asterix) which could not be identified in SEMs and was also positioned tangential to the 
outer rim of the bigger cell pole. In addition, small membrane invaginations (A+B; white 
arrowheads) were identified near the structure described before, which potentially resemble 
crateriform structures, also seen on close-up SEM images of individual cells (C+D; white 
arrowheads). Scale bars, 500 nm. 
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Strain HG15A2T was the smallest of the five strains and showed an egg-shaped 
morphology and a division mechanism by polar budding (Figure 9A). Cells were present 
as single cells or aggregates of 3 to 8 cells (Figure 9B+C). Liquid cultures of strain 
HG15A2T showed a higher viscosity when cultures reached stationary phase, while 
during exponential phase, high mobility of smaller swimmer cells was observed. SEM 
imaging revealed the existence of a thick extracellular matrix compound in which the 
cells were embedded. This compound also interconnected single cells through thick 
appendages up to several µm long (Figure 9D-F).  
 
 
Figure 9: Morphology of strain HG15A2T. Cells of HG15A2T were shaped like small droplets with 
an egged-shaped character (A). Cells were connected by short appendages (D+E) to form 
rosettes or aggregates (B+C). Scanning electron microscopy revealed the existence of an 
extracellular matrix compound, forming thick connections between individual cell, embedding 
them almost entirely (E+F). Scale bar, 1 µm. 
 
TEM images revealed a double membrane system, parting the cells in a typical 
periplasmic section, with several invaginations (Figure 10A, P) and a cytoplasmic space 
which contained the condensed nucleoid (Figure 10A+B, C,N). In addition, some cells 
showed intracytoplasmic membrane stacks (Figure 10A+B, white asterix). The 
connective extracellular compound was present in higher quantities in late stationary 
phase cultures in comparison to exponential cultures. Cells were connected by dense 
material structures with up to 2.5 µm length and 500 nm thickness (Figure 10C+D, 
white arrowheads). 
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Figure 10: Thin sections and scanning electron micrographs of strain HG15A2T. TEM and SEM 
methods were used to further investigate morphological and cell biological features. Thin 
sections revealed the existence of two double membranes parting the cell in a periplasmic space 
with invaginations (Image A+B; P) and cytoplasm (Image A+B; C). Cells showed a condensed 
nucleoid (Image A+B; N). Some cells showed a structure resembling parallel running membrane 
stacks with invidividual lengths from ~300 nm to 1.5 µm (A+B; white asterisks). In addition, 
inspection of close-up SEMs emphasized the previously detected extracellular matrix compound 
and the interconnecting tubes formed (C+D; white arrowheads). Scale bars, 500 nm. 
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Cell morphology of strain K23.9T was similar to strain HG15A2T, being ovoid to 
spherical, with a division mechanism by polar budding, with the bud emerging from the 
thinner cell pole (Figure 11A). Cells were arranged in rosettes of 3 to 5 cells or larger 
aggregates (Figure 11B+C). No motility was observed. Single cells showed small 
appendages from the bigger cell pole and aggregated cell were embedded in an 
extracellular matrix compound spanning mostly over the bigger pole caps of individual 
cells (Figure 11D-F).  
 
 
Figure 11: Morphology of strain K23.9T. Cells of K23.9T were egg-shaped (A-C). Single cells 
showed fiber-like extension on the thicker end of individual cells (D). Scanning electron 
microscopy revealed the existence of an extracellular matrix compound embedding and 
connecting individual cells (E+F). Scale bar, 1 µm. 
 
 
Figure 12: Thin sections and scanning electron micrographs of strain K23.9T. TEM and SEM 
methods were used to further investigate morphological and cell biological features. Thin 
sections revealed the existence of two double membranes parting the cell in a periplasmic space 
with small invaginations (Image A; P) and cytoplasm (Image A; C). Cells showed a condensed 
nucleoid (Image A; N). Some cells showed structures embedded in the outer cell membrane, 
which could resemble fiber-like appendages. In addition, inspection of close-up SEMs 
emphasized the previously detected extracellular matrix compound and the interconnecting 
tubes formed (B; white arrowheads). Scale bars, 500 nm. 
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The cellular plan of K23.9T cells was similar to the other strains, displaying a 
periplasmic and cytoplasmic space, with the latter containing the condensed nucleoid 
(Figure 12A, P,C,N). Some cells displayed structures like those observed in strains 
K22.7T and FF011LT (Figure 12A, black asterix). The interconnective matrix compound 
seemed to help in attachment, as well as connecting individual cells embedded within 
the aggregates (Figure 12B, white arrowheads). 
Physiological and chemotaxonomic characteristics. All five strains displayed 
mesophilic growth profiles (Figure 13A-E and Table 6), with optimum growth 
temperatures of 25 and 26°C for strains K22.7T and FF011LT and 29.5°C for strain EC9T 
(Figure 13A+B, E). However, strain K23.9T and HG15A2T grew optimally at 21°C or 
24°C respectively, not tolerating temperatures above 25°C (Figure 13C+D). In contrast, 
strains K22.7T, FF011LT and EC9T could grow at temperatures up to 32°C (Figure 13 
and Table 6). Thus, these strains differ not only in their general morphology, but also 
regarding their temperature tolerance.  
pH tolerance was similar for strains K22.7T, FF011LT and EC9T, reaching from 5.5 to 
pH 9.5, having their optima at 8.5, 8 and 8.5 (Figure 14A+B, E). Strain K23.9T tolerated 
pH values from 6.5 to 9.5, with an optimum of 8.5 to 9.0. pH tolerance of strain HG15A2T 
was determined to be 6.0 to 9.5, having an optimum of around 8.5. However, all 
measurements of pH optima were conducted in media adjusted with 10mM buffer 
substances. pH measurements at the end of the experiments indicated that pH values 
had been shifted by the strains towards pH 7.0 to 8.0.  
All five strains tested positive for cytochrome oxidase and determination of catalase 
activity in reaction with H2O2. Here, only strain K23.9T showed no catalase activity. 
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Figure 13: Temperature optima of strains K22.7T, FF011LT, K23.9T, HG15A2T and EC9T. To 
determine the optimum growth temperature, optical density was measured at 600 nm (OD600nm) 
and slope values, corresponding to change of OD600nm during exponential growth phase, were 
plotted against the corresponding temperature value. Temperature optima of K22.7T (A), 
FF011LT (B), K23.9T (C), HG15A2T (D) and EC9T (E) were determined to be 25°C, 26°C, 21°C, 
24°C and 29.5°C respectively. Each dot represents the mean of duplicate measurements. 
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Figure 14: pH optima of strains K22.7T, FF011LT, K23.9T, HG15A2T and EC9T. To determine the 
optimum growth pH value, optical density was measured at 600 nm (OD600nm) and slope values, 
corresponding to change of OD600nm during exponential growth phase, were plotted against the 
corresponding pH. pH optima of K22.7T (A), FF011LT (B), K23.9T (C), HG15A2T (D) and EC9T 
(E) were determined to be 8.5, 8.0, 7.5, 8.5 and 8.5°C respectively. Each dot represents the 
mean of duplicate measurements. 
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Fatty acid analyses revealed C18:1 ω9c as the major component in strains K22.7T, 
FF011LT, K23.9T and HG15A2T, making up 42.5, 55.1, 43.3 and 34.8% of detected fatty 
acids. Strain EC9Ts major fatty acid component is C16:0 with 37.3%, which is the second 
most abundant fatty acid for the other strains. A detailed overview of fatty acid contents 
of strains described in this study and related planctomycetal type strains is given in 
Table S1+S2. Table 6 integrates all results described previously and lists general 
characteristics of the novel Planctomycetes strains. 
Table 6: Characteristics and features of novel Planctomycetes isolated from algal specimen. 
Feature K22.7T FF011LT K23.9T HG15A2T EC9T 
Arrangement 
of cells 
Rosettes 
and 
aggregates 
Rosettes 
and 
aggregates 
Rosettes 
and 
aggregates 
Rosettes 
and 
aggregates  
Rosettes 
and 
aggregates 
Cell size [µm] 2.45 x 1.38 2.01 x 1.03 2.40 x 2.03 1.83 x 1.32 2.39 x 1.21 
Cell shape 
elongated 
tear 
elongated 
tear 
round 
droplets 
round 
droplets 
elongated 
tear 
Isolation 
source 
Fucus 
biofilm 
Laminaria 
biofilm 
Fucus 
biofilm 
Laminaria 
biofilm 
Ulva biofilm 
Isolation 
method 
Biofilm 
plating 
Floating 
filter assay 
Biofilm 
plating 
Biofilm 
plating 
Enrichment 
cultivation 
Colony color pink pink to red cream cream red 
Respiration aerobic aerobic aerobic aerobic aerobic 
Oxidase 
activity 
+ + + + + 
Catalase 
activity 
+ + - + + 
Temperature 
growth range 
[°C] 
9.6 – 31.9 9.6 – 29.8 8.9 – 24.7 9.6 – 23.9 9.9 – 31.4 
Temperature 
optimum [°C] 
~25 ~26 ~21 ~24 ~29.5 
pH growth 
range* 
5.5 – 9.5 5.5 – 9.5 6.5 – 9.5 6 – 9.5 5.5 – 9.5 
pH optimum* 
8.5 
(7.0 – 8.0) 
8 
(7.0 – 8.0) 
8.5 – 9 
(7.0 – 8.0) 
8.5 
(7.0 – 8.0) 
8.5 – 9.5 
(7.0 – 8.0) 
Major fatty 
acid 
component [%] 
C18:1 ω9c 
(42.5) 
C18:1 ω9c 
(55.1) 
C18:1 ω9c 
(43.3) 
C18:1 ω9c 
(34.8) 
C16:0 
(37.3) 
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Substrate utilization was determined with the MicroLog 96 substrate spectrum plates 
for Gram-negative bacteria and for each strain, two replicate plates were analyzed and 
data were visualized as heat-map dendrograms (Figure 15). While all strains utilized 
various sugars (Figure 15, top and bottom of substrate list), strain HG15A2T did not 
utilize glucuronamide or dextrin as sole source for respiration. The replicate plates of 
strain K22.7T show very different utilization results. Given that strain K22.7T growth 
rather fast in a variety of different media (data not shown), this result indicates that a 
broader spectrum of substrate utilization is true for this strain and that the second 
replicate (Figure 15, right column of strain K22.7T) is not representative for the substrate 
utilization pattern of this strain. 
Based on the 16S sequence identity values obtained, interpretation of thresholds for 
16S rRNA gene identity comparison recently established (Rosselló-Móra and Amann, 
2015) and chemotaxonomic as well as physiological traits, we propose that strains 
K22.7T, K23.9T, EC9T and HG15A2T should be considered as novel genera within the 
phylum Planctomycetes, order Planctomycea, class Planctomycetales, family 
Planctomycetaceae. In contrast, strain FF011LT closest relative is Roseimaritima ulvae 
UC8T, with which our strain shares 97.19% 16S sequence identity. However, based on 
the physiological profile, we propose strain FF011LT to be a new species within the 
genus Roseimaritima, belonging to the same phylogenetic branch as the strains 
discussed above. 
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Figure 15 (see previous page): Heat map of substrate utilization patterns of strains K22.7T, 
FF011LT, K23.9T, HG15A2T and EC9T. Two biological replicates per strain were performed using 
the MicroLog GN2 substrate plates. While utilization of strains FF011LT and K23.9T were similar 
between replicates, the other three strains show less comparability, with strain K22.7T having the 
most differing datasets. Color scale shows substrate usage in percent utilization. Values below 
25% were interpreted as negative, thus no utilization of the substrate.  
Attachment to algal particles. Attachment of strains EC9T and K22.7T to algal 
particles was monitored and a sample of EC9T was drawn for wide field and SEM 
imaging. Strain K22.7T was only investigated by SEM. As algal particles were unable 
to focus in one plane, Z-stacks series were imaged and computed using the program 
Picolay.  
Wide field microscopy revealed the attachment of strain EC9T to the algal particles of 
Ascophyllum nodosum (Figure 16A) in the medium, however, no diving cells could be 
spotted within the culture in wide field microscopic images. Cell division was only 
observed when samples were investigated with SEM and cells of EC9T, attached to 
A. nodosum, showed polar budding (Figure 16B, white arrowheads). Interestingly, cells 
showed a lot of fiber-like structures located at the caps of the thicker pole of individual 
cells. This morphological trait was not observed before when cultures were grown in 
standard medium (M1H NAG ASW).  
In the second experimental setup, attachment of strain K22.7T was monitored by SEM 
imaging (Figure 16C+D; D: cells of K22.7T in false color). Cells were attached to 
F. serratus particles and showed the same fiber-like structures that were observed for 
EC9T (compare Figure 16B). Again, these structures were not observed before, when 
the strain was grown in standard cultivation medium (M1H NAG ASW) to the extend 
now visible in AMSM2 cultures.  
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Figure 16: Attachment of strains EC9T and K22.7T to algal particles. EC9T and K22.7T were 
cultivated with media containing algal particles as sole carbon and nitrogen source. Attachment 
of EC9T cells was investigated by light (A) and scanning electron microscopy (B). Cells attached 
to the algal particles and were dividing (B, white arrowheads). Pole caps showed a high presence 
of fiber-like structures, which was not previously observed for this strain (B). Attachment of 
K22.7T cells to algal particles was also visualized by SEM (C+D) and the false color image shows 
attachment in a higher magnification (D; pink: attached bacteria). No budding cells were 
observed in the culture at 21 days of incubation, but pili-like fibers, not observed previously, 
covered the pole caps of individual cells. A, scale bar is 5 µm. B-D, scale bar is 1 µm. 
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To determine growth of strain K22.7T, dry weight measurements of the AMSM2 K22.7T 
culture (Figure 17A, grey circles) in comparison to an uninoculated medium control was 
performed (Figure 17A, black squares) and a difference -in dry weight comparison- was 
measurable during the first 100 h of incubation. After 270 h, the dry weight of the 
inoculated culture spiked to a mean filter weight of 85.3 mg, while no change was 
measured for the medium control. Besides this time point, subsequent measurements 
showed no significant differences in dry weight (Figure 17A). As growth of strain K22.7T 
in AMSM2 experiments could not be monitored by optical density measurements, the 
viability of the assay -growth measurement by dry weight determination- was tested by 
individual growth experiments of strain K22.7T in MM2 ASW and M3H ASW medium. 
Optical density of the M3H ASW culture showed a normal growth profile of the strain 
(Figure 17B, grey circles), while no change was observed in dry weight measurements 
(Figure 17C, grey circles) in comparison to the MM2 ASW control, which showed no 
change in optical density or dry weight measurements (Figure 17B+C, black squares). 
Genome sequencing. Genome sizes of strains K22.7T, FF011LT, K23.9T, HG15A2T 
and EC9T were 8.5, 7.2, 7.9, 5.9 and 7.5 MB respectively. The numer of coding 
sequences varied from approximately 4,890 for HG15A2T to a maximum of 6,438 for 
K22.7T (Table 7), while either 6 or 3 rRNA entries were present. tRNA entries were 
present in numbers around 45 or 75, while the genomic molar G+C content based on 
the full genome sequences was determined to be 57.41, 54.77, 54.87, 55.58 or 
58.24 [mol%] for strains K22.7T, FF011LT, K23.9T, HG15A2T and EC9T respectively. 
The large genome size fits to the general observation that Planctomycetes harbor 
rather large genomes. Investigation of rRNA gene clustering revealed that K22.7T and 
FF011LT contained two duplicates of the genes coding for the 5S, 16S and 23S 
ribosomal subunits. Interestingly, genes coding for the 5S and 23S subunit always 
localized together, while the 16S coding gene is found separated, either upstream or 
downstream, of the other genes. The same is true for strains K23.9T, HG15A2T and 
EC9T however, their genomes only feature one copy of each ribosomal subunit gene. 
A comparative overview of genes detected and subsequent results of the 
planctomycetal genome analysis is displayed in Figure 18. 
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Figure 17: Growth of K22.7T in artificial marine snow medium 2. Growth of K22.7T based on algal 
particles in the medium (A; grey circles) was determined by dry weight measurements in 
comparison to an untreated medium control (A; black squares). Dry weight in mg is plotted 
against cultivation time in h. To test assay viability, K22.7T was grown in full (M3H) and minimal 
(MM2) medium and optical density (B) as well as dry weight (C) was monitored over time. While 
optical density increased significantly in M3H cultures (B; grey circles), no change in dry weight 
(C; grey circles) was measured. Each measuring point (A-C; both media) represents the mean 
value of triplicates. 
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Table 7: Basic genome information of the newly sequenced planctomycetal strains K22.7T, 
FF011LT, K23.9T, HG15A2T and EC9T.  
Feature K22.7T FF011LT K23.9T HG15A2T EC9T 
Size 
[bases] 
8,542,491 7,216,590 7,948,699 5,996,859 7,475,804 
Genes 6,438 5,471 5,861 4,890 5,427 
GC 
content 
[mol%] 
57.41 54.77 54.87 55.58 58.24 
rRNA 
entries 
6 6 3 3 3 
tRNA 
entries 
45 45 77 75 43 
 
Core genomes and analysis of clusters of orthologous groups. The number of 
coding genes shared by all five novel strains from Helgoland algae was calculated 
based on their full genome sequences and is shown in percentages (compare Table 
8). The same analysis was performed for genomes belonging to the Pirellula group 
(genomes of strains belonging to the genera Pirellula, Blastopirellula, Rhodopirellula, 
Roseimaritima and Rubripirellula) and genomes of strains across the whole phylum of 
Planctomycetes. While the five novel strains shared approximately 25% of coding 
sequence genes, this number decreased to 14.5% when the Pirellula clade was taken 
into account. Analysis of genome sequences across the whole phylum revealed that 
only a set of ~ 2% of genes remained as core genome. 
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Figure 18 (see previous page): Circular genome plots of strains K22.7T, FF011LT, K23.9T, 
HG15A2T and EC9T. Individual circles represent the genome organization of each of the five 
strains. For each strain, the innermost circle is labeled with the strain name and represents the 
circularized genome where the thin black circle and attached ticks indicate the genome size (1 
Mb per tick). The second circle depicts the GC skew in light and dark grey. The middle circle 
shows the color-coded COG (Cluster of Orthologous Groups) categories of the encoded proteins. 
The fourth circle illustrates the core genome which was determined by the reciprocal best 
alignment method on three different phylogenetic levels as indicated by color. Finally, predicted 
genomic islands are indicated on the outermost circle.  
 
Analyses of clusters of orthologous groups (COGs) revealed that all five novel strains 
possessed approximately the same number of genes with coding sequences for each 
cluster defined by the COG analysis software (compare Table 9). Interestingly, all 
strains possessed a small set of genes belonging to cluster N, which is related to 
proteins likely involved in cell motility. However, motility and directed motion was only 
ever observed for strain HG15A2T and none of the other strains. Also, ~33% of coding 
sequences could not be annotated to any COG identified by the analysis software used. 
 
Table 8: Percentages of shared genes between strains K22.7T, FF011LT, K23.9T, HG15A2T and 
EC9T and under consideration of genomes of the Pirellula-Blastopirellula-Rhodopirellula-
Roseimaritima-Rubripirellula clade (Pirellula clade) or the phylum Planctomycetes. 
Group / % of 
shared genes 
K22.7T 
[%] 
FF011LT 
[%] 
K23.9T 
[%] 
HG15A2T 
[%] 
EC9T 
[%] 
Helgoland 
strains 
23.02 26.58 25.22 29.53 26.81 
Pirellula clade 13.19 15.35 14.43 16.91 15.52 
Planctomycetes 
phylum 
1.88 2.19 2.06 2.47 2.23 
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Table 9: Percentages of clusters of orthologous groups identified in coding sequences for K22.7T, 
FF011LT, K23.9T, HG15A2T and EC9T.  
COG Code 
K22.7T 
[%] 
FF011LT 
[%] 
K23.9T 
[%] 
HG15A2T 
[%] 
EC9T 
[%] 
A 0 0 0 0.02 0.02 
C 3.01 3.58 3.45 3.15 3.45 
D 0.22 0.31 0.31 0.27 0.26 
E 3.51 3.56 3.65 3.72 4.05 
F 1.10 1.19 1.25 1.43 1.18 
G 3.36 3.38 3.80 4.54 3.63 
H 1.54 1.88 1.66 1.86 2.10 
I 1.38 1.48 1.77 1.49 1.70 
J 2.27 2.56 2.46 2.76 2.62 
K 2.36 2.52 2.83 2.62 2.95 
L 2.28 3.36 4.73 4.60 2.93 
M 3.28 3.67 4.21 3.29 4.15 
N 0.53 0.73 0.61 0.80 0.66 
O 2.31 2.76 2.70 2.39 2.58 
P 4.46 4.26 4.79 3.31 4.11 
Q 1.03 0.93 0.94 0.92 1.27 
S 28.47 33.63 32.61 29.18 36.28 
T 4.44 4.11 4.54 3.27 4.44 
U 1.32 1.43 1.36 1.41 1.55 
V 1.18 1.43 1.42 1.21 1.42 
A: RNA processing and modification; C: Energy production and conversion; D: Cell cycle control, 
cell division, chromosome partitioning; E: Amino acid transport and metabolism; F: Nucleotide 
transport and metabolism; G: Carbohydrate transport and metabolism; H: Coenzyme transport 
and metabolism; I: Lipid transport and metabolism; J: Translation, ribosomal structure and 
biogenesis; K: Transcription; L: Replication, recombination and repair; M: Cell 
wall/membrane/envelope biogenesis; N: Cell motility; O: Post-translational modification, protein 
turnover and chaperones; P: Inorganic ion transport and metabolism; Q: Secondary metabolites 
biosynthesis, transport and catabolism; S: Function unknown; T: Signal transduction 
mechanisms; U: Intracellular trafficking, secretion and vesicular transport; V: Defense 
mechanisms 
 
antiSMASH analyses of planctomycetal genomes. Full genomes sequences were 
subjected to secondary metabolite cluster analysis using the web tool antiSMASH (V 
3.0). Cluster analyses revealed the existence of 4 to 13 clusters for the five novel strains 
(Table 10). Interestingly, for the strain with the smallest genome (Table 7), HG15A2T, 
the lowest number of clusters and only 1 terpene related cluster was identified (4). 
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Strains with larger genomes contained more clusters with a putative annotation. 
K22.7T, FF011LT, K23.9T and EC9T were predicted to contain clusters annotated as 
terpenes, type 1 and type 3 polyketide synthases (T1 or T3 PKS) or hybrid clusters 
(NRPS-PKS). In addition, one cluster of strain FF011LT was annoted as bacteriocin, a 
group of proteinaceous toxins which erridicate microorganisms of the domain Bacteria. 
EC9T contained 13 clusters identified by the antiSMASH algorythms, including clusters 
annotated as bacteriocin and numerous type1 or 3 PKS and NRPS clusters. 
 
Table 10: Number count and assigned cluster type of predicted secondary metabolite gene 
clusters (SMCs) for strains K22.7T, FF011LT, K23.9T, HG15A2T and EC9T.  
SMC K22.7T FF011LT K23.9T HG15A2T EC9T 
Count 6 7 6 4 13 
 
Assigned 
cluster 
types 
 
Terpene 
Other 
T3-PKS 
Terpene 
Other 
T1-PKS 
 
Terpene 
Bacteriocin 
NRPS 
Other 
T3-PKS 
Terpene 
NRPS-T1-
PKS 
 
Terpene 
Terpene 
NRPS-T1-
PKS 
T3-PKS 
NRPS 
T1-PKS 
 
Other 
Terpene 
Other 
Other 
 
T1-PKS-
NRPS 
Terpene 
T1-PKS 
T1-PKS 
T3-PKS 
Bacteriocin 
Other 
NRPS 
T1-PKS 
Terpene 
NRPS 
NRPS 
Other 
 
 
PKS: Polyketide synthase; NRPS: Non-ribosomal-polyketidesynthethase; T1, T3: type 1 or 3  
 
Bacterial community analyses 
Morphology of algal biofilms. Prior to the investigation with next-generation-
sequencing (NGS), biofilms were subjected to SEM analyses to compare 
morphological features of the different algal biofilms investigated in this study. Figure 
19 shows the biofilm composition of Fucus, Laminaria and Ulva samples in overview 
(A, C, E) and at higher magnification (B, D, F). Fucus biofilms were by far the densest, 
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with less than 5% algal surface visible in all SEM images compared (n=16; visual 
inspection and estimation). While most bacteria appear spherical or rod-shaped with 
one pole thicker than the other, chains of coccoid cells and tubular-like microorganisms 
are visible. Also, budding bacteria were detected, indicating the presence of 
Planctomycetes (Figure 19A+B, white arrowheads with black border). In comparison, 
biofilms of Laminaria and Ulva specimen (Figure 19C+D and E+F) respectively, were 
less dense and bigger uncolonized areas were visible. Laminaria biofilms were 
dominated by rod-shaped bacteria, with about 25-50% of the algal surface lacking 
microorganismic epibionts (n=16; visual inspection and estimation). Visual inspection 
at higher magnicifcation also lead to the identification of budding bacteria on the 
Laminaria surface, possibly affiliated with the desired phylum Planctomycetes (Figure 
19C+D, white arrowheads with black border). Biofilms of the Ulva specimen showed 
the same degree of colonization as the Laminaria samples, while more chain forming 
microorganisms were present and diversity of bacterial morphologies seemed less 
broad. Here, a lot of spherical cells with evenly distributed fibers around the whole cell 
body were present. As seen for Fucus and Laminaria, budding bacteria were present, 
indicating planctomycetal microorganisms being part of the investigated Ulva biofilms 
(Figure 19E+F, white arrowheads with black border). 
Amplicon sequencing. Biofilm microbiomes of Laminaria sp., Fucus sp. and Ulva sp. 
were investigated by Illumina MiSeq sequencing of the V3 region of the 16S rRNA 
gene. Biofilms and surrounding water were analyzed, while water was separated into 
two fractions by filtration: (i) particle associated bacteria and microorganismic 
aggregates (Fraction 1; 2.7 µm filter retention size) and (ii) planktonic living bacteria 
and single cells (Fraction 2; 0.2 µm pore size filter). After sequencing and classification, 
~32,300 - ~133,500 sequences were obtained per sample (Table 11). 
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Figure 19: Morphological characteristics of Fucus sp., Laminaria sp. and Ulva sp. biofilms. 
Overview images show the morphological differences between Fucus (A), Laminaria (C) and 
Ulva (E) epiphytic biofilm communities, while close-ups (B, D, F) indicate bacteria which showed 
budding reproduction (white arrowheads with black border). They were identified on all three 
algae, and possibly belong to the phylum Planctomycetes. Close-up images represent the area 
corresponding to the image position where budding bacteria were identified in the overview 
images. Scale bars indicate 2 µm. 
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Table 11: Number of sequences obtained from Illumina MiSeq sequencing of biofilms and 
corresponding water fractions of Laminaria sp., Fucus sp. and Ulva sp. material. Number of 
planctomycetal sequences and proportion in percent of total sequence numbers are given. 
Sample 
description 
Algal 
material 
No. 
Sequences 
 (All Bacteria) 
No. Sequences 
(Planctomycetes)  
% Sequences 
(Planctomycetes) 
Biofilm Laminaria 129,582 560 0.4 
Biofilm Fucus 32,355 13,957 43 
Biofilm Ulva 83,547 268 0.3 
Fraction 1 Laminaria 47,284 239 0.5 
Fraction 1 Fucus 40,315 4,064 10 
Fraction 1 Ulva 60,154 1,802 3 
Fraction 2 Laminaria 133,054 99 0.07 
Fraction 2 Fucus 47,979 1,863 4 
Fraction 2 Ulva 57,208 50 0.09 
 
Sequencing results indicate Planctomycetes as dominant fraction of the bacterial 
community in Fucus biofilm samples (43%). Proteobacteria (39%), Verrucomicrobia 
(12%) and Bacteroidetes (5%) were the next most represented phyla (Figure 20A, 
Biofilm column F (Fucus)). Laminaria and Ulva biofilms were dominated by 
Proteobacteria (89 and 70%, respectively) and Bacteroidetes (6 and 26%, 
respectively), while Planctomycetes were only present in low abundance (0.4 and 
0.3%, repspectively) (Figure 20A, Biofilm columns L (Laminaria) and U (Ulva)). 
Interestingly, while Planctomycetes were enriched in both, the particle-associated 
(Fraction 1, F) and free-living bacterial fraction (Fraction 2, F) of Fucus water samples 
(10 and 4%, respectively), the quantity of Laminaria Fraction 1 planctomycetal 
sequences (0.5% of total sequence count, Fraction 1, L) were ~10-fold higher than 
those of the corresponding free-living bacterial fraction (0.07% of total sequence count; 
Fraction 2, L). For Ulva water samples, this discrepancy was even higher, with 
Fraction 1 (column U) planctomycetal sequences being ~3%, while the number of 
planctomycetal sequences of the free-living fraction were ~30-fold lower (0.09% of total 
sequence count, Fraction 2, U). Results of the water samples investigated thus indicate 
that, even when only present in low abundance, Planctomycetes rather emerge in 
particle-associated fractions in the water column. 
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Figure 20: Bacterial community profiles of Laminaria sp. (L), Fucus sp. (F) and Ulva sp. (U) 
investigated by Illumina MiSeq sequencing. A: Distribution of bacterial phyla within biofilm 
communities (Biofilm) and surrounding water fractions of 2.7 µm (Fraction 1) and 0.22 µm pore 
size filters (Fraction 2). B: Resolution of Planctomycetes classification on genus level. 
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Results obtained from the SILVAngs analysis pipeline allowed for a taxonomic 
resolution of Planctomycetal sequences down to genus level. Thus, the diversity of 
Planctomycetes within each sample was analyzed (Figure 20B). While the genus 
Blastopirellula was dominant in all biofilms (83, 76, and 55% respectively for Laminaria, 
Fucus and Ulva samples), the Ulva biofilm sample turned out to be the most diverse of 
the three biofilms investigated, featuring sequences assigned to the genera 
Blastopirellula, Planctomyces, Rhodopirellula, Rubripirellula and the Planctomycetes 
groups OM190 and Pir4. However, the genus Algisphaera, which made up a proportion 
of 16% of planctomycetal sequences in the Laminaria biofilm sample, did not emerge 
in the sequences obtained from Ulva biofilm material. While diversity of the water 
fraction was not significantly different between the two fractions or algal specimen, it is 
noteworthy that sequences generated from the particle-associated fraction of the Ulva 
water sample were dominated by the genus Rhodopirellula (70%) while at the same 
time comprising 12% of sequences classified as Pirellula, a genus which was only 
present as a minority in all other samples. Also, the free-living fraction of the Laminaria 
water sample comprised ~40% sequences classified as members of the Pir4 lineage, 
a fraction otherwise only present in minor proportion in the other samples investigated 
in this study. 
Discussion 
In this study, we aimed to extend the repertoire of cultivated strains of the phylum 
Planctomycetes to allow for a better resolution of the still scarce phylogeny and now 
report the isolation and characterization of five novel planctomycetal strains which we 
isolated from epiphytic biofilm communities of brown and green marine macro algae. 
Planctomycetes are known to colonize marine algae (Fukunaga et al., 2009; Bondoso 
et al., 2014a; Yoon et al., 2014; Bondoso et al., 2015) and they can even be the 
dominant fraction of microorganisms associated with the epiphytic biofilm community 
of the the giant kelp Laminaria hyperborea (Bengtsson and Øvreås, 2010). Also, the 
manifold association of Planctomycetes and marine algae has been described before 
(Lage and Bondoso, 2011; 2014), while Planctomycetes are also frequently detected 
in various other aquatic habitats and biofilm communities (Storesund and Ovreas, 
2013; Lopez-Perez et al., 2016; Ntougias et al., 2016; Orsi et al., 2016). All five strains 
isolated in this study were heterotrophs with mesophilic growth profiles, indicated by 
temperature and pH tolerance values we identified. However, when evaluating data of 
pH tolerance tests, we found that the novel strains were able to modify the pH values 
within the media towards values between pH 7.0 and 8.0. Thus, pH tolerance data 
obtained in these experiments rather suggest that a pH optimum around 7.5 is optimal 
for the growth of our strains. Change of medium pH during bacterial growth is a known 
phenomenon which can be caused either by the production of pH adjusting compounds 
by the bacteria or by the release of acid compounds as metabolic end products. For 
example, Helicobacter pylori is able to survive in the acidic gut environment by 
releasing urease, adjusting the pH towards a more alkaline value (Degnan et al., 2003). 
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In addition, buffer substances used in this study were only 10 mM concentrated, which 
could be one reason why the pH was shifted easily in the experimental setup used. To 
avoid this, repetition experiments using higher buffer concentrations are necessary. In 
terms of temeperature tolerance, two strains, K23.9T and HG15A2T, showed sensitivity 
to temperatures above 21 and 25°C respectively. This is interesting as the 
corresponding algae were sampled during low tide in a near-shore environment, 
containing many tidal creeks, which are often prone to significant temperature changes 
especially during the warm weather season, which due to the geographic location of 
the North Sea island Helgoland from which the samples originate, can last several 
months a year. However, both strains produced an extracellular matrix compound in 
which cells were embedded. Production of extracellular compounds was shown to 
enable tolerance of Polaribacter species against significant changes in pH or salinity 
(Sun et al., 2015), supporting the hypothesis that EPS compounds produced by our 
strains also enable tolerance against temporary changes in temperature in the 
temperature sensitive species. Tolerance against temperature changes was described 
for the mesophilic cyanobacterium Nostoc commune, where cells depleted of their EPS 
were more sensitive to freeze-thaw cycles and lost tolerance towards heat or cold 
states (Tamaru et al., 2005). 
Investigation of the morphology of our strains revealed the existence of fiber-like 
structures which were located at the cap of the broader pole of strain K22.7T and 
FF011LT. To elucidate the nature of these structures in more detail, we investigated 
thin sections of K22.7T and FF011LT cells by transmission electron miscroscopy and 
resulting images revealed the localization of these structures within the periplasmic 
space, spanning through the outer periplasmic membrane and reaching outside the 
cell. Similar structures were previously described in related Planctomycetes species 
(Lage et al., 2013), where they were referred to as fimbriae, but their structure or 
function was not further investigated. Recently, Gold et al. used high resolution 
microscopy and image computing to elucidate the structure of type IV pili in 
Thermus thermophilus (Gold et al., 2015), showing that the pili apparatus possesses 
structural elements very similar to those seen in our strains K22.7T and FF011LT. Also, 
the localization of the type IV pili described by Gold et al. was identical to the structures 
we observed, spanning through the periplasmic space to the outside of the cell. While 
type IV pili are mostly associated with pathogenicity in bacteria such as 
Pseudomonas aeruginosa, where they also play a role in twitching motility (Burrows, 
2012), a role in nutrient uptake of the observed fiber-like appendages seen for our 
planctomycetal isolates. This was recently suggested for similar structures observed 
on the surface of the planctomycetal species Planctopirus limnophila (Boedeker et al., 
2017). In the study of Boedeker et al., uptake of macromolecules was observed for 
cells of P. limnophila and a role of the so-called crateriform structures and the attached 
fiber-like appendages in nutrient uptake has been suggested. In addition, the 
localization and architecture of the crateriform structures, linking the outer membrane 
with the cytoplasmic membrane (Boedeker et al., 2017), is similar to the localization we 
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observed in thin sections of K22.7T and FF011LT cells. Interestingly, we saw fiber-like 
appendages for strains EC9T and K22.7T in cultures where only algal particles as sole 
nutrient source were available. These structures were not observed during standard 
cultivation with yeast extract, peptone or glucose. This indicates that when our strains 
were growing in the presence of algae, which have a cell wall consisting of various 
complex macromolecular sugar compounds, the observed appendages potentially aid 
not only in attachment but also in macromolecule uptake. However, further experiments 
are necessary to support this hypothesis. 
Another interesting feature was identified in thin sections of strain HG15A2T, where 
some cells possessed parallel stacked microstructures. Similar structures were 
detected in other Planctomycetes species but no specific role or function was 
suggested in these aerobe species (Lage et al., 2013). In contrast, the anaerobic 
anammox planctomycete Kuenenia stuttgartiensis was described to harbor these 
tubule-like structures in its anammoxosome, a bacterial compartment where the 
anammox process takes place (van Niftrik et al., 2004). The observed microstructures 
were hypothesized to be related to cytosleketal elements (van Niftrik et al., 2004) or 
displaying a higher organization of an abundant protein which assembles into the 
observed meta-structure in higher concentrations (van Niftrik, 2013). Recently, 
antibody studies against proteins of K. stuttgartiensis suggest that these stacked 
microstructures are indeed a higher organization of an abundant protein, since 
antibodies against a nitrite oxidoreductase (NXR) specifically colocalized with these 
structures in the anammoxosome (de Almeida et al., 2015). Such high concentrations 
of NXR and an organization as higher-order two-dimensional structures was previously 
reported for nitrite oxidizing bacteria (Spieck et al., 1996; Spieck et al., 1998). The 
function of these structures in aerobic Planctomycetes however, including strain 
HG15A2T, at this point remains elusive but is an interesting field for further 
investigation.  
Supplemental to morphological characterization, the attachment to algal particles was 
investigated for EC9T and K22.7T and growth of K22.7T based solely on algal particles 
was monitored. Attachment of Planctomycetes to algal surfaces has been visualized 
before for natural biofilm communities employing fluorescence in situ hybridization 
techniques and their variants (Neef et al., 1998; Bengtsson and Øvreås, 2010; Lage 
and Bondoso, 2011; Pizzetti et al., 2011). We were also able to show attachment of 
planctomycetal cells of strain EC9T to algal particles using wide-field microscopy, but 
also used scanning electron microscopy to show the same for both, EC9T and K22.7T. 
Supplementary to visualizing the attachment, growth was determined by dry weight 
measurements of K22.7T, using a technique previously used for Planctomycetes grown 
in bioreactors (Jeske et al., 2016). Rise in dry weight is explained by growth and division 
of the bacterial cells, however at the same time, this would mean that algal particle 
mass should be descreasing since no other carbon or nitrogen source is available 
except for the agal particles present in the cultivation medium. However, we observed 
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a weight spike in our dry weigth determination experiments which could be explained 
by the initial growth of K22.7T based on dissolved organic carbon (DOC) in the growth 
medium, originating from the algal particles. Global oceanic DOC contains the same 
amount of carbon as Earth’s atmosphere and its cycling in shallow waters, as well as 
the deep ocean globally influences aquatic food webs by enabling microorganismic 
growth where DOC, again, is recycled in high turnover rates (Kirchman et al., 1991; 
Follett et al., 2014). This could indicate that K22.7T cultures initially grew based on DOC 
present in the medium, leading to an increase of the dry weight masses we observed. 
At the point were DOC was depleted from the medium, it is possible that K22.7T started 
degrading the algal particles, leading to the observed decrease in dry weight, since 
decreased material would pass through the pores of the filters applied to retain the 
aggregated bacteria. The ability of Planctomycetes to degrade complex 
polysaccharides, including chondroitin sulfate and laminarin has been previously 
reported (Jeske et al., 2013) and species of the genus Rhodopirellula were found to 
encode more than 100 sulfatases in their genomes, enabling them to possibly degrade 
a variety of different substrates of high chemical complexity (Wegner et al., 2012). 
However, dry weight determination in our control experiments did not correlate with 
optical density measurements, indicating that this method was not completely suitable 
to address our hypothesis. Consequently, to measure growth based solely on algal 
particles, another filtration system needs to be applied or cell counts need to be 
investigated applying staining techniques or fluorescence microscopy. 
To further characterize our novel isolates, substrate utilization was investigated using 
a standardized assay based on 96-well plate inoculation (MicroLog GN2 system). We 
found that all our strains utilized a variety of different sugars, including primary carbon 
and nitrogen sources D-glucose and N-acetyl-D-glucosamine, the latter being 
frequently used to selectively enrich Planctomycetes bacteria from environmental 
samples (Lage and Bondoso, 2012). Interestingly, all five novel strains were able to 
utilize D-mannitol, a sugar alcohol frequently found in the cell walls of brown algae, 
especially Laminaria species, where it can make up to 25% of the dry weight in algal 
fronds (Kraan, 2012). The utilization of such sugar alcohols supports our hypothesis 
that Planctomycetes possibly degrade algal material in nature in order to utilize the 
complex molecules derived from their algal hosts. We also found that strains HG15A2T 
and EC9T were able to utilize mannose, the sugar molecule corresponding to mannitol. 
Mannose is a sugar compound frequently found in the hydrolysates of brown 
macroalgae which is also present in low quantities in species of Ulva (Pengzhan et al., 
2003). Even though we isolated two strains from Laminaria (FF011LT, HG15A2T) 
samples and one from Ulva (EC9T), mannose was only utilized in low amounts by 
FF011LT when compared to the other two. Also, utilization was limited to one replicate 
assay for FF011LT. In the case of mannose, we believe that utilization by FF011LT is in 
fact true and that the negative result in the second replicate was caused by fluctuations 
with the assay plate used or the culture used to inoculate the substrate plate. Similar 
variations in the results obtained by the MicroLog and Biolog substrate utilization 
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system have been shown for different pathogenic species of Xanthomonas campestris, 
where substrate utilization patterns varied significantly and false negative as well as 
falsely positive results were obtained in replicate experiments (Verniere et al., 1993). 
In addition, the development of suitable protocols for the planctomycetal Biolog assay 
showed that standard protocols sometimes fail to detect substrate utilization in 
Planctomycetes and that adapted protocols need to be crafted for every species (Jeske 
et al., 2013). However, MicroLog assays were successfully used to characterize the 
utilization pattern of recently described planctomycetal species, showing that the assay 
is feasible and capable when employed for Planctomycetes (Bondoso et al., 2015). 
However, heterogenity of Biolog results, as seen in our study, was also reported when 
the assay was used to characterize microbial communities instead of axenic cultures, 
reporting that utilization patterns sometimes fail to represent the metabolic capabilities 
of members of the complex communities (Smalla et al., 1998). In our case, we obtained 
mixed results for axenic cultures of strains grown in separate culture bottles, meaning 
the replicate cultures for the same strain could possibly, even though inoculated from 
the same preculture, be in different developmental stages. It is believed that the ratio 
of planktonic and attached-living cells has an influence on substrate utilization patterns 
when inoculated onto the GN plates of the MicroLog assay and that this difference is a 
probable cause for the inhomogenous results obtained in our replicate assays. In 
addition, given the likely different stages of cultures used for inoculation, some 
metabolic pathways might be hindered or downregulated in cells that live planktonically 
in comparison to attached living cells (Costerton et al., 1995).  
The same is true for the regulation of secondary metabolite related gene clusters. 
Research on Phaeobacter sp. has shown that its ability to inhibit Vibrio fischeri by the 
production of indigoidine is highly dependent on its growth pattern. Cells of 
Phaeobacter grown planktonically were unable to inhibit V. fischeri, while biofilm 
cultures showed upregulated production of indigoidine and repression of V. fischeri 
growth (Cude et al., 2012). Recently, the capability of Planctomycetes as secondary 
metabolite producers has been investigated (Jeske et al., 2013) and several strains, 
isolated from marine macro algae, of Planctomycetes were able to inhibit the growth of 
bacterial competitor strains treated with planctomycetal extracts (Graca et al., 2016). 
In addition, Jeske et al. reported the antimicrobial capability of molecules produced by 
limnic and marine Plantomycetes strains belonging to the genera Planctopirus and 
Rhodopirellula, the latter being an often-detected member in biofilm communities of 
marine macro algae. Jeske et al. also stated that external triggers influence production 
of different secondary metabolites, since the presence of varying sugar molecules in 
the cultivation medium lead to the identification of novel metabolites in HPLC and 
UV/Vis spectra, indicating that secondary metabolite cluster activation is partly 
regulated by external cues in Planctomycetes (Jeske et al., 2016). In this study, we 
analyzed the complete genomes of our five novel strains towards the presence of 
secondary metabolite related gene clusters and found that each strain encoded at least 
four genes or gene clusters, identified by the online prediction tool antiSMASH. With 
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our strains possessing genomes of sizes up to 8.5 MB and a variety of predicted 
secondary metabolite-related gene clusters, future investigation is promising but 
expression studies are necessary to elucidate the conditions necessary to trigger the 
production of molecules possibly involved in defense against other competing bacteria 
and microorganisms in general. 
In addition to secondary metabolite cluster prediction, functional prediction of coding 
sequences was performed and clusters of orthologous groups (COGs) were detected 
for the five novel strains. The same analysis was used to investigate the genomes of 
planctomycetes of the genera Gemmata and Rubinisphaera, finding similar annotation 
values for the COG categories analyzed (Scheuner et al., 2014; Aghnatios et al., 2015). 
Interestingly, approximately 33% of coding sequences of each of our five novel strains 
were assigned to the COG category S, which includes proteins with unknown function. 
Recently, it has become evident that COG annotation of organisms with a low pool of 
representative genomes or proteome data is often difficult and that recognition and 
annotation values for the phylum Planctomycetes is only about ~50% for the proteins 
encoded within the available genomes (Galperin et al., 2015). In addition, erroneous 
genome annotations, sometimes caused by frameshifts, leading to the corresponding 
gene being given a “pseudogene” annotation, can lead to misidentification of certain 
proteins to their corresponding COGs, since “pseudogene”-tagged coding sequences 
are not included in COG analyses (Galperin et al., 2015). Thus, the increased number 
of proteins assigned to category S in the genomes of our strains could either implicate 
that not enough datasets for comparison and distinct annotation are available or that 
genome organization of our novel strains is unusual, resulting in the COG detecting 
algorithm failing to assign these sequences to certain clusters of orthologous groups. 
 In addition to analyzing each genome in solitude, we also compared the pools of 
coding sequences of our novel strains with each other, determining their so-called core 
genome, sequences present in all five strains. In this comparison, we found that 
approximately 25% of coding sequences are present in all five novel strains. When 
including genomes of the predefined Pirellula group, core genome values shrank to 
approximately 15%. This value further decreased to ~2% when genome sequences 
across the whole phylum of Planctomycetes were included. Since core genome 
determination is usually used to identify genomic differences of closely related 
organisms, e.g. pathogenic bacteria such as Helicobacter pylori, where genome 
comparison was used to determine genes responsible for increased virulence of 
disease outcome prognosis (van Vliet, 2016), core genome determination of our strains 
is at this point only partially conclusive. However, if further investigated, determining 
the core genomic features of already described and novel species of Planctomycetes 
can aid in the identification of genes and corresponding proteins involved in cell division 
or reproduction, two mechanisms still not fully resolved for Planctomycetes (Rivas-
Marín et al., 2016). 
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In addition to the isolation of novel Planctomycetes and their polyphasic description, 
we also investigated the bacterial community composition of algal biofilms and 
surrounding water samples. Prior to deep sequencing analysis, we morphologically 
analyzed algal portions of Fucus, Laminaria and Ulva portions and their associated 
epiphytic community by scanning electron microscopy. Noticing that the percentage of 
colonization differed between the algae, budding bacteria possibly related to 
Planctomycetes were observed on all macroalgal biofilms. Identification of “budding” 
as morphological trait to predict and distinguish planctomycetal bacteria was performed 
to investigate potential pathogenic agents against species of Daphnia (Hirsch, 1972) 
and was also taken as indication for the presence of Planctomycetes in enrichment 
cultivation performed in this study. 
Investigation of the biofilm and fractionized water samples of Laminaria and Ulva gave 
the result that these samples were dominated by operating taxonomic units classified 
as Proteobacteria and Bacteroidetes. The high abundance of Proteobacteria and 
Bacteroidetes in marine environments was previously reported (Glöckner et al., 1999; 
Cottrell and Kirchman, 2000; Gich et al., 2012) with studies also showing their 
abundance in the North Sea pelagic zone (Eilers et al., 2000). Thus, their dominance 
in the biofilm and water samples investigated in this study is not surprising. However, 
biofilm samples of Fucus contained Planctomycetes OTUs as dominant fraction of 
bacterial OTUs. A dominance of Rhodopirellula-related species was previously 
reported for Laminaria hyperborea biofilms (Bengtsson and Øvreås, 2010), which we 
didn’t observe in our community analysis. At the same time, it is known that seasonal 
environmental dynamics, such as change of temperature or salinity, but also stress 
factors such as oxidation or metal ions, strongly influence bacterial biofilm community 
compositions (Moss et al., 2006; Bengtsson et al., 2010; Zhang et al., 2013). In addition 
to the Planctomycetes-enriched Fucus biofilm, water samples corresponding to the 
Fucus sampling point also showed increased percentages of planctomycetal OTUs in 
comparison to Laminaria or Ulva spots. Fucus material was taken from a tidal creek, 
thus isolating the water surrounding the algae for several hours from mixing with the 
rest of the coastal water. This period of isolation in combination with the high 
abundance of Planctomycetes on the Fucus biofilm could potentially explain the higher 
abundance in surrounding water fractions. Notably, the abundance of planctomycetal 
OTUs in the particle-associated fraction of all water samples was 2, 10 or 30-fold higher 
than the corresponding free-living fraction OTU numbers for Fucus, Laminaria and Ulva 
samples respectively. Our findings are in accordance with a study conducted by Pizzetti 
et al, where not only Planctomycetes abundance was shown to vary strongly with 
seasonal changes in the course of one year, but also that Planctomycetes were more 
abundant in water fractions from 3.0 to 10.0 µm, corresponding to the size of marine 
aggregations and particles, than in the 0.2 to 3.0 µm fractions, relating to planktonic-
living cells (Pizzetti et al., 2011). 
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In summary, this study investigated the bacterial community composition of three 
different marine macro algae and found that Planctomycetes are among the dominant 
fraction of bacteria on Fucus biofilms. However, the previously reported dominance of 
Planctomycetes on Laminaria biofilms could not be backed-up by our data, but this is 
most likely due to different sampling times and points and seasonal dynamics often 
reported for biofilm communities. In addition, five novel strains belonging to the phylum 
Planctomycetes were brought into pure culture and their morphological as well as 
genetic features make them interesting objects for further studies in terms of bioactive 
molecule production. We showed attachment of our novel strains to algal particles, but 
results about their growth solely based on these particles remained inconclusive at this 
point. Further experiments, including setups with living algal material, are needed to 
investigate the true nature of Planctomycetal attachment and to solve the question 
whether their relationship with algae is mutually beneficial, opportunistic or simply 
parasitic. 
 
Description of Rhodomarina gen. nov. 
Rhodomarina (Rho.do.ma.ri’na. Gr. neut. n. rhodon a rose; L. fem. adj. marinus marine; 
N.L. fem. n. Rhodomarina, a marine organism forming distinct rosettes) 
Cells are elongated tears which form multicellular rosettes and aggregates. No chain 
formation, nor motility was observed. No spore formation was observed. Cells divide 
by polar budding. Extracellular matrix and biofilm formation in liquid culture is observed 
during cultivation. Mesophilic growth properties. The molar G + C content of the DNA 
is ~56-57%. The predominant cellular fatty acid of the type species is C18:1 ω9c. 
Members belong to the phylum Planctomycetes, class Planctomycea, order 
Planctomycetales, family Planctomycetaceae. The type species of the genus is 
Rhodomarina lacriforma. 
Description of Rhodomarina lacriforma sp. nov. 
Rhodomarina lacriforma (la.cri.for’ma L. fem. n. lacrima tear; L. fem. n. forma form; 
individual cells have a tear-shaped morphology) 
Exhibits the following properties in addition to those given for the genus. Growth 
aerobically. Colonies are pink and have a smooth surface. Cells are 2.45 x 1.38 µm in 
size and react positive for catalase and cytochrome oxidase. Growth at temperatures 
between 9.6 – 31.9°C with an optimum at 26°C. Optimum pH is between 7.0 and 8.0, 
with a tolerance from 5.5 to 9.5. Utilizes a variety of sugar substrates and carboxy acids 
and grows with solely N-acetyl-D-glucosamine. The G+C content of the DNA is 57.4 
mol%. The type strain is K22.7T (= DSM 29813 = LMG 29017) and was isolated from 
the epiphytic biofilm community of brown algae of the genus Fucus.  
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Description of Engelhardtia gen. nov. 
Engelhardtia (En.gel.hard.ti’a. N.L. fem. n. Engelhardtia of Engelhardt, in honor of the 
recently retired German structural microbiologist Harald Engelhardt) 
Cells are round to egg-shaped droplets which form multicellular rosettes and 
aggregates. No chain formation, nor motility was observed. No spore formation was 
observed. Cells divide by polar budding. Extracellular matrix and biofilm formation in 
liquid culture is observed during cultivation. Mesophilic growth properties. The molar G 
+ C content of the DNA is 55-56%. The predominant cellular fatty acid of the type 
species is C18:1 ω9c. Members belong to the phylum Planctomycetes, class 
Planctomycea, order Planctomycetales, family Planctomycetaceae. The type species 
of the genus is Engelhardtia mobilis. 
Description of Engelhardtia mobilis sp. nov. 
Engelhardtia mobilis (mo.bi’lis. L. fem. adj. mobilis movable, mobile, showing motility; 
corresponding to the high motility of swimmer cells observed during exponential growth 
phase) 
Exhibits the following properties in addition to those given for the genus. Growth 
aerobically. Colonies are cream in color and have a smooth surface. Prefers growth on 
gellan gum over agar. Cells are 1.83 x 1.32 µm in size and react positive for catalase 
and cytochrome oxidase. Growth at temperatures between 9.6 – 23.9°C with an 
optimum at 24°C. Optimum pH is between 7.0 and 8.0, with a tolerance from 6.0 to 9.5. 
Utilizes a variety of sugar substrates and carboxy acids and grows with solely N-acetyl-
D-glucosamine. The G+C content of the DNA is 55.6 mol%. The type strain is HG15A2T 
and was isolated from the epiphytic biofilm community of brown algae of the genus 
Laminaria. Due to the growth properties of the strain, deposition is ongoing and the 
strain can be distributed as living culture by the authors on request. 
Description of Algifollis gen. nov. 
Algifollis (Al.gi.fo’llis. L. fem. n. alga an alga; L. mas. n. follis a balloon; N.L. mas. n. 
Algifollis, a microorganism with balloon-shaped cells isolated from an alga) 
Cells are balloon-shaped to spherical droplets, which form rosettes and aggregates. 
No chain formation, nor motility was observed. No spore formation was observed. Cells 
divide by polar budding. Extracellular matrix and biofilm formation in liquid culture is 
observed during cultivation. Mesophilic growth properties. The molar G + C content of 
the DNA is ~54-55%. The predominant cellular fatty acid of the type species is C18:1 
ω9c. Members belong to the phylum Planctomycetes, class Planctomycea, order 
Planctomycetales, family Planctomycetaceae. The type species of the genus is 
Algifollis marina. 
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Description of Algifollis marina sp. nov. 
Algifollis marina (ma.ri’na L. f. adj. marinus marine; corresponding to the origin of the 
organism) 
Exhibits the following properties in addition to those given for the genus. Growth 
aerobically. Colonies are cream colored and have a smooth surface. Cells are 2.40 x 
2.03 µm in size and react positive for cytochrome oxidase but negative for catalase. 
Growth at temperatures between 8.9 – 24.7°C with an optimum at 21°C. Optimum pH 
is between 7.0 and 8.0, with a tolerance from 6.5 to 9.5. Utilizes a variety of sugar 
substrates and carboxy acids and grows with solely N-acetyl-D-glucosamine. Prefers 
gellan gum over agar as solidifier in media. The G+C content of the DNA is 54.5 mol%. 
The type strain is K23.9T and was isolated from the epiphytic biofilm community of 
brown algae of the genus Fucus. Due to the growth properties of the strain, deposition 
is ongoing and the strain can be distributed as living culture by the authors on request. 
Description of Rhodostilla gen. nov. 
Rhodostilla (Rho.do.stil’la. Gr. neut. n. rhodon a rose; L. fem. n. stilla a drop; N.L. fem. 
n. Rhodostilla, a rosette forming microorganism with drop shaped cells) 
Cells are elongated drops or tears which form multicellular rosettes and aggregates. 
Neither chain- and spore formation, nor motility was observed. No spore formation was 
observed. Cells divide by polar budding, with the new cell emerging from the bigger 
pole. Extracellular matrix and biofilm formation in liquid culture is observed during 
cultivation. Exhibits mesophilic growth properties. The molar G + C content of the DNA 
is ~58-59 mol%. The predominant cellular fatty acid of the type species is C16:0. 
Members belong to the phylum Planctomycetes, class Planctomycea, order 
Planctomycetales, family Planctomycetaceae. The type species of the genus is 
Rhodomarina lacriforma. 
Description of Rhodostilla oblonga sp. nov. 
Rhodostilla oblonga (ob.lon’ga. L. fem. adj. oblonga elongated; individual cells appear 
as elongated drops) 
Exhibits the following properties in addition to those given for the genus. Growth 
aerobically. Colonies are red and have a smooth surface. Cells are 2.39 x 1.21 µm in 
size and react positive for catalase and cytochrome oxidase. Growth at temperatures 
between 9.9 – 31.4°C with an optimum at 30°C. Optimum pH is between 7.0 and 8.0, 
with a tolerance from 5.5 to 9.5. Utilizes a variety of sugar substrates and carboxy acids 
and grows with solely N-acetyl-D-glucosamine. The G+C content of the DNA is 58.24 
mol%. The type strain is EC9T (= DSM 29815 = LMG 29013) and was isolated from the 
epiphytic biofilm community of green algae of the genus Ulva. 
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Description of Roseimaritima multifibra sp. nov. 
Properties are as given for the genus (Bondoso et al., 2015) with one exception, cells 
are tear or drop shaped rather than spherical to ovoid. Growth aerobically. Colonies 
are pink and have a smooth surface. Cells are 2.01 x 1.03 µm in size and react positive 
for catalase and cytochrome oxidase. Growth at temperatures between 9.6 – 29.8°C 
with an optimum at 26°C. Optimum pH is between 7.0 and 8.0, with a tolerance from 
5.5 to 9.5. Utilizes a variety of sugar substrates and carboxy acids and grows with solely 
N-acetyl-D-glucosamine. The G+C content of the DNA is 54.8 mol%. The type strain is 
FF011LT (= DSM 29513 = LMG 29016) and was isolated from the epiphytic biofilm 
community of brown algae of the genus Laminaria. 
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Supplements: 
Table S1: Cellular fatty acid contents (%) of strains K22.7T, FF011LT, K23.9T and closest related 
type strains. 
 
 
 
 
 
 
 
Fatty acid  K22.7 
R. 
obstinata 
FF011L 
R. 
ulvae 
K23.9 
R. 
rosea 
C10:0 - - - - 1.80 7.2 
C16:0 27.68 17.3 22.77 35.1 20.42 37.3 
 C17:0 - 4.5 - 2.1 1.69 - 
C18:0 2.06 5.6 2.52 3.1 7.65 16.2 
C16:1 ω9c - - - - - - 
 C16:1 ω11c - - - - 3.84 2.9 
C17:1 ω8c 1.89 12.0 4.03 2.0 4.89 3.5 
C17:1 ω9c - - - - - - 
C18:1 ω7c 1.43 - 4.88 - 2.08 - 
C18:1 ω9c 42.50 41.5 55.07 47.0 43.33 22.2 
C18:1 ω11c - - - - - - 
C20:0 ω9c - - 1.13 - - - 
 Iso-C14:0  - - - - - - 
 Iso-C16:0 - - - - - - 
 C12:0 3-OH - - - - - - 
C14:0 2-OH 1.39 - - - - - 
C16:0 2-OH 2.72 1.1 - - - - 
 C16:0 3-OH - - - - 2.14 - 
 C18:0 2-OH - - - - - - 
C18:0 3-OH - 1.3 2.84 - 2.55 - 
C16:1 ω7c / 
Iso-C15:0 2-OH 
19.26 - 3.45 - 4.97 - 
C18:2 ω6,9c / 
Anteiso-C18:0 
- - - - - - 
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Table S2: Cellular fatty acid contents (%) of strains HG15A2T, EC9T and closest related type 
strains. 
Fatty acid  HG15A2 B. goksoyri EC9 R. baltica 
C10:0 - - - - 
C16:0 23.20 22.55 37.25 39.2 
 C17:0 - 1.47 1.39 1.2 
C18:0 8.87 15.32 7.05 4.3 
C16:1 ω9c - 26.14 - 8.0 
 C16:1 ω11c 1.34 - 3.28 - 
C17:1 ω8c - - - - 
C17:1 ω9c - 2.74  4.0 
C18:1 ω7c 5.84 - - - 
C18:1 ω9c 34.77 20.73 8.91 40.8 
C18:1 ω11c - 6.23 - 1.6 
C20:0 ω9c - - - - 
 Iso-C14:0  1.82 - - - 
 Iso-C16:0 2.97 2.65 - - 
 C12:0 3-OH 1.01 - - - 
C14:0 2-OH - - - - 
C16:0 2-OH - - - - 
 C16:0 3-OH - - - - 
 C18:0 2-OH 3.50 - - - 
C18:0 3-OH - - - - 
C16:1 ω7c / 
Iso-C15:0 2-OH 
14.69 - - - 
C18:2 ω6,9c / 
Anteiso-C18:0 
- - 35.06 - 
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Table S3: List of sequences used for core genome analyses. Species name and strain 
designations are listed. Genomes of the five novel isolates were compared to genomes included 
in the ‘Pirellula’ clade (light grey background) and genomes across the phylum Planctomycetes 
(dark grey background).  
Species Strain 
Rhodomarina lacriforma K22.7T 
Engelhardtia mobilis HG15A2T 
Algifollis marina K23.9T 
Rhodostilla oblonga EC9T 
Roseimaritima multifibra FF011LT 
Rhodopirellula baltica SH1 
Rhodopirellula islandica K833 
Rhodopirellula sallentina SM41 
Rhodopirellula baltica SWK14 
Rhodopirellula sp. SWK7 
Rhodopirellula maiorica SM1 
Rhodopirellula europaea SH398 
Rhodopirellula europaea 6C 
Rhodopirellula baltica SH28 
Rhodopirellula baltica WH47 
Roseimaritima ulvae DSM 25454 
Rubripirellula obstinata CECT 8602 
Pirellula sp. SH-Sr6A 
Blastopirellula marina DSM 3645 
Pirellula staleyi DSM 6068 
Zavarzinella formosa DSM 19928 
Gemmata massiliana IL30 
Planctomyces sp. SH-PL14 
Gemmata obscuriglobus UQM 2246 
Gimesia maris DSM 8797 
Schlesneria paludicola DSM 18645 
Gemmata sp. SH-PL17 
Candidatus Scalindua sp. BSI-1 
Singulisphaera acidiphila DSM 18658b 
Singulisphaera acidiphila DSM 18658a 
Planctopirus sp. JC280 
Planctomicrobium piriforme DSM 26348 
Candidatus Scalindua brodae RU1 
Candidatus Kuenenia stuttgartiensis CH1 
Candidatus Brocadia sinica JPN1 
Planctomyces sp. SH-PL62 
Candidatus Jettenia caeni KSU-1 
Phycisphaera mikurensis NBRC 102666 
Candidatus Brocadia fulgida RU1 
Rubinisphaera brasiliensis DSM 5305 
Candidatus Kuenenia stuttgartiensis RU1 
Candidatus Brocadia sp. 40 
Isosphaera pallida ATCC 43644 
Planctopirus limnophila DSM 3776 
Fuerstia marisgermanicae NH11 
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Insights into the epiphytic bacterial community of the Mediterranean 
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Abstract 
Seagrasses belong to the group of submerged flowering plants which are globally 
abundant in Earth’s oceans. Predominant in the Mediterranean Sea are plants of the 
genus Posidonia. The most abundant species, Posidonia oceanica, forms large 
meadows across the ocean floor which pose as breeding ground for several species of 
fish, influence food webs by retaining nutrient accumulations in the otherwise 
oligotrophic surrounding water and shape the marine environment by stabilizing ocean 
floor substrates and enhancing habitable area spaces. Even though P. oceanica is 
among the most important species of plants in the Medditeranean area, knowledge 
about the epiphytic microorganismic community, especially attached living bacteria, is 
scarce. In this study, we shed light into the bacterial community composition of 
P. oceanica employing next generation sequencing methods and found that biofilms of 
aged and young P. oceanica leafs were dominated by bacteria affiliated with the phylum 
Planctomycetes. Employing selective cultivation media, we isolated two novel strains 
of Planctomycetes, which represent two novel genera within the phylum. In addition, 
we sequenced the genomes of the novel strains, aiding to expand the still scarce 
genome pool available for Planctomycetes. The isolation of novel strains further helps 
to improve the resolution of the planctomycetal phylogeny. 
Introduction 
Seagrasses are a paraphyletic group of angiosperm plants which exclusively live in 
estuarine and marine environments (Larkum et al., 2006). Their phylogenetic affiliation 
is condensed to four families of higher plants with exclusively aquatic, especially 
marine, species (den Hartog and Kuo, 2006). In the Mediterranean environment, 
seagrasses of all four families (Posidoniaceae, Zosteraceae, Cymodoceaceae, 
Hydrocharitaceae) are present, with Posidonia oceanica being the predominant 
species endemic to the Mediterranean Sea (Papenbrock, 2012). Seagrasses play 
important roles in the marine environment where they provide breeding and nursery 
ground for various fish and other marine organisms, influencing commercial fishing, 
shape the coastal and deeper sea floor structure by accumulating nutrients, which 
otherwise would be washed away by water mechanics, and are primary biomass 
producers in the otherwise oligotrophic surrounding sea water (Hofrichter, 2002). 
Belonging to the primary carbon fixing organisms (3,000 g m-2a-1) in the Mediterranean 
Sea, Posidonia oceanica is of enormous importance in global carbon cycling 
(Hofrichter, 2002) and meadows formed by this one species influence food webs in 
shallow bay and open marine waters up to 40 meter of depth. In addition, seagrasses 
are of common interest in commercial use in cosmetics as well as the healthcare 
industry and recent studies indicate that seagrass metabolites may aid in skin 
protection against UV radiation (Regalado et al., 2011). While whole biomass of 
seagrass species is often used in medical application, the potential of seagrasses 
concerning the production of active molecules has also been investigated. Recently, a 
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comparative overview of secondary metabolites produced by Posidonia was given by 
Heglmeier and Zidorn, expressing their belief that novel metabolite structures with 
potential use in human medicine or fields of husbandry are hidden within the secondary 
metabolome of P. oceanica and other seagrasses (Heglmeier and Zidorn, 2010; Zidorn, 
2016). While P. oceanica, due to its importance in the ecosystem of the Mediterranean 
Sea, has been thoroughly investigated and seasonal growth patterns as well as 
evidence of alarming decline rates due to habitat pollution and global warming-
associated environmental changes have been reported (Waycott et al., 2009; Short et 
al., 2011; Pergent et al., 2015), only a few studies focused on the associated 
microorganismic communities of this important submarine plant. This is wondrous, 
since knowledge of the mutualistic relationship of terrestrial plants and their 
microorganismic communities has shown that microorganisms can not only promote 
growth, but also benefit their host in terms of salt stress tolerance (Vacheron et al., 
2013; Ledger et al., 2016). So far, research of microorganisms associated with 
P. oceanica was often focused on the root microbiome, especially endophytic fungi 
(Torta et al., 2015; Vohnik et al., 2015; Vohnik et al., 2016) and bacteria (Garcias-Bonet 
et al., 2012). 
In this study, we report the elucidation of the epiphytic bacterial community composition 
of Posidonia oceanica plant leafs by analyzing biofilms of young and aged specimen. 
In addition, we employed a refined cultivation strategy to enrich and isolate bacteria of 
the phylum Planctomycetes, adding to the pool of available isolates from an important 
submerged marine plant with a high relevance in ecosystem shaping of the whole 
Mediterranean area. 
Material and methods 
General methods 
Sampling of seagrass material. Posidonia oceanica material of young (low visible 
abundance of macroscopic epiphytes) and aged (high visibility of macroscopic 
epiphytes) plants was sampled by scuba diving near the coastal shore line of Corse, 
France (September 29, 2015; 42.579N 8.725 E) and surrounding water in 15 m depth 
was collected using sterile 1L bottles. Samples were immediately transferred to the 
STARESO laboratories (STARESO, Pointe Revelatta, Corse) and processed at the 
same day. Sample material designated for cultivation experiments was washed twice 
with sterile artificial seawater and stored at 4°C, while material for DNA extraction 
(biofilms and filters) were stored at -20°C and transferred on dry ice to the DSMZ 
laboratories for further processing (DSMZ, Braunschweig, Germany). 
Filtration of water samples. Triplicate water samples were homogenized by gentle 
stirring and 1L was used for filtration. Water was filtered through a polycarbonate 
membrane filter (Ø 47 mm, Isopore™, Merck, Darmstadt, Germany) with a pore size of 
0.22 µm to collect all planktonic-living microorganisms in the sea water in close 
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periphery to the P. oceanica meadow. Filters were frozen and stored at -20°C until DNA 
extraction. 
Seagrass and biofilm preparation. P. oceanica material of young and aged plants 
was gently rinsed several times with filter sterilized artificial sea water (Corning® bottle 
top filters, Sigma-Aldrich, Munich, Germany) to remove contaminating unattached 
bacteria. 5-10 blades of young and aged seagrass were split from the collected material 
and immediately fixed in 1.5% formaldehyde and stored in the dark at 4°C. In addition, 
remaining seagrass was further processed and biofilm was scraped off into sterile 
deionized water or sterile 0.5 times concentrated artificial sea water, using sterile 
scalpels. Biofilm suspensions of young and aged P. oceanica plants were stored in 
deionized water and immediately frozen on dry ice until DNA extraction, while biofilms 
stored in diluted artificial sea water were kept in the dark at 4°C for subsequent 
cultivation experiments. 
DNA extraction for bacterial community analyses. DNA of P. oceanica biofilms and 
water filters was extracted using the PowerBiofilm® DNA Isolation Kit (MoBio 
Laboratories, Dianova, Hamburg, Germany) following the manufacturers protocol with 
a few exceptions. Incubation at 37°C in buffer B1 was increased to an overnight step. 
Incubation at 55°C was increased to 30 min. Incubation at 4°C was increased to 20 
min. Bead beating was performed in a FastPrep®-24 instrument (MP Biomedicals, 
Santa Ana, CA, USA) at 5.5 m/s, 30 s. DNA was eluted in 100 µl BF7 buffer and stored 
at -20°C until further processing. 
Genomic DNA extraction of novel bacteria and preparation for genome 
sequencing. To obtain high molecular weight DNA of the novel planctomycetal strains, 
nucleic acid was extracted from whole cells using a tweaked Genomic DNA kit protocol 
with Genomic tips 100/G (Qiagen, Venlo, Netherlands). Extraction was performed as 
recommended by the manufacturer with one exception: incubation time with digestive 
enzymes was prolonged to an overnight step to ensure complete lysis of bacterial cells. 
An aliquot of the extracted DNA was used to prepare 16S rRNA clone libraries (Zero 
Blunt® PCR Cloning kit; Invitrogen, Thermo Fisher Scientific, Waltham, USA) and 
resulting clones were sequenced using universal 16S gene targeting primer 8f (5’–AGA 
GTT TGA TCM TGG CTC AG–3’) to ensure purity of the extracted DNA. 
DNA quantification. Quantification of extracted genomic DNA and amplicon 
concentrations was performed using the Qubit® dsDNA HS or BR Assay Kit, depending 
on DNA concentration (Invitrogen™, Thermo Fisher Scientific, Waltham, USA) 
following the manufacturers recommendations. For quantification reactions, 1 µl 
extracted gDNA/amplicon was used. Samples were measured in a Qubit® 2.0 
Fluorometer (Thermo Fisher Scientific, Waltham, USA). 
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Genome sequencing and processing 
Sequencing, assembly and deposition of bacterial genomes. For genome 
sequencing of strains KOR34T and KOR42T, the same procedure as described for 
strain EC9T (Material and methods, chapter 2) was used and complete genome 
sequences of KOR34T and KOR42T are available from the authors on request. 
Secondary metabolite cluster analysis. Genome sequences of KOR34T and 
KOR42T were analyzed towards the presence of clusters potentially involved in 
secondary metabolite production using the antiSMASH web tool (version 3.0) with 
default settings (Weber et al., 2015). Genbank genome files were uploaded and 
information about predicted clusters were extracted from the online results section. 
Cultivation dependent methods 
Media used for bacterial cultivation. For bacterial cultivation experiments, different 
selective and growth media were prepared (compare Table 1). All media contained 
2.38 g/l HEPES (Serva) as buffer substance, 20 ml/l mineral salt solution, 250 ml/l 
artificial sea water and were adjusted to pH 7.5 with 5M KOH. After sterilization by 
autoclaving, media were supplemented with different additive solutions: 10 ml/l of a 
2.5% glucose solution (only growth medium), 5 ml/l double concentrated vitamin 
solution and 1 ml/l trace element solution. Both, mineral salt solution and double 
concentrated vitamin solution were prepared according to DSMZ medium 621, while 
metal salts solution (part of mineral salt solution) consisted of 250 mg/l Na-EDTA, 1095 
mg/l ZnSO4 x 7H2O, 500 mg/l FeSO4 x 7H2O, 154 mg/l MnSO4 x H2O, 39.5 mg/l CuSO4 
x 7H2O, 20.3 mg/l CoCl2 x 6H2O and 17.7 mg/l Na2B4O7 x 10H2O of which 50 ml were 
added per liter of mineral salt solution. Artificial seawater consisted of 46.94 g/l NaCl, 
7.84 g/l Na2SO4, 21.28 g/l MgCl2 x 6H2O, 2.86 g/l CaCl2 x 2H2O, 0.384 g/l NaHCO3, 
1.384 g/l KCl, 0.192 g/l KBr, 0.052 g/l H3BO3, 0.08 g/l SrCl2 x 6H2O, 0.006 g/l NaF. 
Trace element solution consisted of 1.5 g/l Na-nitrilotriacetate, 500 mg/l MnSO4 x H2O, 
100 mg/l FeSO4 x 7H2O, 100 mg/l Co(NO3)2 x 6H2O, 100 mg/l ZnCl2, 50 mg/l NiCl2 x 
6H2O, 50 mg/l H2SeO3, 10 mg/l CuSO4 x 5H2O, 10 mg/l AlK(SO4)2 x 12H2O, 10 mg/l 
H3BO3, 10 mg/l NaMoO4 x 2H2O and Na2WO4 x 2H2O (modified from (Karsten and 
Drake, 1995). To prepare solid media, either 12g/l washed (three times with deionized 
water) agar (Bacto™) or 8g/l gellan gum (Gelrite®; Serva) were autoclaved separately 
and added to the medium prior to pouring plates. For initial isolation, media were added 
20 ml/l of a 5% solution N-acetyl-D-glucosamine (NAG; Serva) as sole carbon and 
nitrogen source and 20 ml/l nystatin suspension (Sigma-Aldrich, Munich, Germany) as 
anti-fungal agent. Additionally, 500 mg/l streptomycin and 100 mg/l ampicillin were 
added to enrich Planctomycetes and suppress the growth of undesired heterotrophic 
bacteria. For subsequent cultivation of novel isolates, media were prepared with 0.25 
g/l peptone (Bacto™) and 0.25 g/l yeast extract (Bacto™) in addition to NAG. Media 
combinations and designations used in this study are listed in Table 1. 
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Table 1: Cultivation media used in this part of the thesis. P, peptone; YE, yeast extract; NAG, N-
acetyl-D-glucosamine; A/S, ampicillin/streptomycin mix; G, glucose solution; V, double 
concentrated vitamin solution; T, Trace element solution. 
Medium 
designation 
Purpose 
Carbon- 
/ 
nitrogen 
source 
Fungizide 
concentration 
[ml/l] 
Antibiotic 
agent 
Additives 
NAGH ASW Isolation NAG 20 A/S V, T 
M1H NAG 
ASW 
(Jeske et 
al., 2016) 
Growth  
P, YE, 
NAG 
- - G, V, T 
 
Isolation strategy for Planctomycetes from P. oceanica sample material. Solid 
media for initial bacterial isolation were prepared with gellan gum, while agar media 
were only used for subsequent growth of bacterial strains. Solidified NAGH ASW 
medium was inoculated with 1:100 diluted biofilm suspensions of young and aged 
P. oceanica. In addition, P. oceanica pieces were swapped over NAGH ASW plates 
and pieces were also placed on the plates. All inoculated cultures were incubated at 
20°C in the dark until colony formation was visible. Phenotypically interesting colonies, 
as described in chapter 2 of this thesis, were replated for purification to the 
corresponding isolation medium. After isolation, strains were transferred to M1H NAG 
ASW growth medium to increase growth rate of the novel isolates. 
Isolated bacteria were identified by 16S rRNA gene sanger sequencing and replated at 
least three times for purification if a planctomycetal identity was confirmed. 
Molecular identification of novel isolates. Novel strains were identified by direct 
sequencing of the 16S rRNA gene after amplification with the optimized universal 
primers 8f (5’–AGA GTT TGA TCM TGG CTC AG–3’) and 1492r (5’–GGY TAC CTT 
GTT ACG ACT T–3’) modified from (Lane, 1991). PCR reactions were performed 
directly on single colonies for identification or liquid cultures to check for purity as 
described in chapter 2. 
Phylogenetic novelty of planctomycetal isolates was pre-checked by BLASTn analyses 
and isolates with sequence identity values below a 97% threshold were further 
investigated (see chapter “Phylogenetic analyses” for details). Out of all strains 
isolated, two strains, designated KOR34T and KOR42T were subjected to further 
experiments as described in this chapter. 
To generate near full length 16S rRNA gene sequences, additional primers (compare 
Table 2 of the Material and methods section in chapter 2) were used for sequencing. 
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Sequences were cured manually and assembled employing the ContigExpress 
application of the Vector NTI® Advance 10 software (Thermo Fisher Scientific, 
Waltham, USA) or program DNA Man (Lynnon Biosoft Corporation). 
Phylogenetic analyses. 16S rRNA gene sequences of novel isolates were pre-aligned 
(SINA web aligner; (Pruesse et al., 2012)) and imported to the ARB software 
environment (Ludwig et al., 2004). Alignment was again corrected manually and used 
for phylogenetic tree reconstruction with the ARB software package and the SILVA 
database release SSURefNR99_1200_slv_128. Trees were calculated under the 
Maximum Likelihood RAxML module and rate distribution model GTR GAMMA running 
the rapid bootstrap analysis algorithm, the Neighbor Joining tool with Felsenstein 
correction for DNA and Maximum Parsimony method employing the Phylip DNAPARS 
module. Bootstrap values for all three methods were computed with 1,000 resamplings 
including the E. coli 16S rRNA gene positions 225 - 1403. The analysis involved 46 
nucleotide sequences of described type strains and uncultured clones, related to the 
novel strains (compare Table 2) and anammox Planctomycetes as outgroup. 16S rRNA 
gene identity values of novel isolates and related type strains were calculated using 
neighbor joining clustering of the ARB package with the same position filter as used for 
tree reconstruction. 
 
Table 2: List of sequences used for phylogenetic tree reconstruction. To resolve the position of 
novel planctomycetal strains, related sequences of bacterial clones (dark grey background) were 
included in the analyses. Anammox planctomycetes served as outgroup (light grey background). 
Strains displayed in the phylogenetic tree (Figure 1) are displayed in bold capture. *, grouped as 
Thermophiles; **, grouped as Isosphaeraceae; ***, grouped as Gemmataceae 
Species Strain 
16S rRNA gene 
accession number 
Algisphaera agarilytica 06SJR6-2 AB845176 
Aquisphaera giovannonii** OJF2T NR_122081 
Bythopirellula goksoyri Pr1d NR_118636 
Blastopirellula cremea LHWP2T NR_118153 
Blastopirellula marina SH 106T NR_029226 
Fimbriiglobus ruber*** SP5T KX369544 
Gemmata massiliana*** IIL30T JX088244 
Gemmata obscuriglobus*** UQM 2246T NR_114712 
Gimesia maris 534-30T NR_025327 
Isosphaera pallida** IS1BT NR_074534 
Paludisphaera borealis** PX4T KF467528 
Phycisphaera mikurensis FYK2301M01T NR_074491 
Pirellula staleyi ATCC 27377T NR_074521 
Planctomicrobium piriforme P3T KP161655 
Planctopirus limnophila Mü 290T NR_074670 
Rhodopirellula baltica SH 1T NR_043384 
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Rhodopirellula lusitana UC17 EF589351 
Rhodopirellula rosea LHWP3 JF748734 
Rhodopirellula rubra LF2T HQ845500 
Roseimaritima ulvae UC8T HQ845508 
Rubinisphaera brasiliensis DSM 5305T NR_074297 
Rubripirellula obstinata LF1T DQ986201 
Schlesneria paludicola MPL7T NR_042466 
Singulisphaera acidiphila** MOB10T NR_102439 
Singulisphaera mucilagenosa** Z-0071T HM748856 
Singulisphaera rosea** S26T NR_116969 
Thermogutta hypogea* SBP2T KC867695 
Thermogutta terrifontis* R1T KC867694 
Thermopirellula anaerolimosa* VM20-7 AB558583 
Thermostilla marina* SVX8T KR872395 
Telmatocola sphagniphila*** SP2T NR_118328 
Tepidisphaera mucosa 2842T KM036168 
Zavarzinella Formosa*** A10T NR_042465 
Ca. Anammoxoglobus propionicus - EU478694 
Ca. Brocadia anammoxidans - AF375994 
Ca. Brocadia fulgida - DQ459989 
Ca. Brocadia sinica JPN1 AB565477 
Ca. Jettenia asiatica - DQ301513 
Ca. Jettenia caeni KSU1 AB057453 
Ca. Kuenenia stuttgartiensis - CT573071 
Ca. Scalindua brodae - AY257181 
Uncultured coral clone SHFH491 FJ203446 
Planctomycete DDSe3016 DDSe3016 JF443759 
Uncultured biofilm clone CT-29 HM596372 
Planctomyces sp.  Schlesner 664 X81955 
Planctomyces sp.  Schlesner 668 X81956 
 
Characterization of novel Planctomycetes 
Wide field microscopy. Bacterial cells were immobilized on a 1% agarose–pad in 
MatTek 35 mm glass-bottom dishes and imaged under phase–contrast illumination as 
described in chapter 2 (compare Material and methods section). Individual cell sizes 
of KOR34T and KOR42T were determined by measuring 100 individual cells per strain. 
Field emission scanning electron microscopy of bacteria and seagrass portions 
with attached biofilms. KOR34T and KOR42T cells were fixed using the same fixation 
protocol as described in chapter 2 and seagrass blades (pre-fixed with 1,5 
formaldehyde (described before) or 50 µl of the fixed bacteria solution were placed on 
pre-treated cover slips, followed by a settling period of 10 min. Followed by a second 
fixation step and critical point drying (chapter 2), cells or seagrass blades with attached 
biofilms were examinated in a field emission scanning electron microscope (Zeiss 
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Merlin) using the Everhart Thornley HESE2–detector and the inlens SE–detector in a 
25:75 ratio at an acceleration voltage of 5 kV. 
Determination of growth optima. Strains KOR34T and KOR42T were grown in M1H 
NAG ASW medium to early stationary phase each time before being subjected to 
growth optimum determination experiments. Optimum growth temperatures were 
determined by change of optical density at 600 nanometer wavelengths. Glass tubes 
were inoculated 1:10 with fresh culture material. Temperatures tested were 10, 15, 20, 
22, 24, 27, 30, 33, 36, 40°C in triplicates. Determination of the optimal pH for growth 
was performed in M1H NAG ASW medium buffered to pH 5 – 9.5 in 0.5 steps at 100 
mM final concentrations with MES, HEPES, HEPPS and CHES buffers. Due to the 
growth properties of strain KOR42T (growth in flakes with no reliable detection in the 
spectrophotometer), strain was grown for 14 days and tubes were photographed to 
determine the temperature and pH optimum by visual inspection (10°C omitted since 
no growth could be observed). Final determination of optimal growth conditions was 
achieved by analyzing resulting growth curves by plotting change of OD600nm during 
exponential growth phases (slope values; y-axis; only for strain KOR34T), of each 
individual temperature or pH against their corresponding values (x-axis). 
Catalase and cytochrome oxidase activity. Catalase activity was determined by 
reaction of fresh cell material with 3% H2O2 solution, resulting in the release of oxygen 
(catalase-positive organisms) or in no observed reaction. Cytochrome oxidase activity 
was determined using Bactident® Oxidase test stripes (Merck Millipore, Darmstadt, 
Germany) following the manufacturer’s instructions. 
Substrate utilization. Substrate utilization of strains KOR34T and KOR42T was 
determined using the Biolog GN2 MicroLog™ test panel for Gram-negative bacteria. 
Substrate lpates were inoculated with a cell suspension turbidity of ~55% (for details of 
inoculum preparation, see chapter 2). To enable the comparison of utilization values, 
the data of each single experiment were normalized to 100. Only values corresponding 
to > 25% utilization were considered positive, thus utilization of the substrate substance 
in the well. A heat map graphic was obtained in the R environment (RCoreTeam, 2015) 
by using the heatmap.2() function of the gplots package. 
Cellular fatty acid analysis. Biomass of the isolated strains was obtained from liquid 
cultures grown in M1H NAG ASW medium at the strains’ corresponding optimum 
growth temperature until stationary phase. Biomass was given to the Identification 
Service of the German Collection of Microorganisms and Cell Cultures (DSMZ) and 30 
mg of lyophilized biomass was processed according to the standard protocols of the 
facility based on methods of (Miller, 1982; Kuykendall et al., 1988). 
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Bacterial community analyses 
Whole genome amplification by multiple displacement amplification. Genomic 
DNA extracted from water filters and seagrass biofilms was amplified with the illustra™ 
GenomiPhi™ V3 DNA Amplification Kit (GE Healthcare) (Dean et al., 2002) following 
the general recommendations of the manufacturer. For one single amplification 
reaction (20 µl total volume), 1 ng of genomic DNA was used. To reduce remaining 
stochastic amplification bias, three independent reactions per filter were pooled. 
Amplification reactions were performed in a thermal cycler (Veriti 96-Well, Applied 
Biosystems). MDA amplified gDNA was stored at -20°C until further processing. 
Amplicon preparation. Amplification of the variable region 3 (V3) of the 16S ribosomal 
RNA gene was performed using two subsequent PCR amplifications. Details of the 
PCR protocols used are explained in detail in chapter 2 (compare material and 
methods). Sample/index combinations used in this part of the thesis are listed in Table 
3. 
Amplicon generation was performed as described previously (see chapter 2 for 
detailed PCR protocols). To reduce stochastic amplification bias, three independent 
amplifications were performed. 
This protocol was established during this thesis and has, with slight variations, been 
used to generate amplicons for a study conducted by Vollmers et al. (currently in 
revision at Frontiers in Microbiology). 
 
Table 3: Oligonucleotides for amplicon generation used in this study. All primers were developed 
by Dr. Pia Kaul and/or Dr. Boyke Bunk (DSMZ, Brunswick, Germany) based on (Bartram et al., 
2011). Each sample was prepared with a unique reverse primer. 
Primer Amplicon Index sequence [5’  3’] 
V3R_82 Posidonia oceanica biofilm (young plant) TCAGCG 
V3R_92 Posidonia oceanica biofilm (aged plant) CGGTGT 
V3R_87 Surrounding water (polycarbonate filter) AGCCTG 
 
Amplicon gel-electrophoresis and -extraction. Amplicon PCR products were 
separated on 2% agarose gels, stained with SYBR® gold nucleic acid gel stain and 
amplicon bands (fragment size of ~300 bp) were cut out and cleaned up for subsequent 
sequencing (see chapter 2 for details). 
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Amplicon sequencing and read processing. Reads of V3 amplicons obtained from 
Illumina multiplex sequencing (MiSeq® Analyzer) were quality trimmed using the tool 
Trimmomatic (Bolger et al., 2014). The trimmed sequences were then filtered for those 
starting with the forward and ending with the reverse primer. The remaining sequences 
were subsequently checked for chimeric sequences using the UCHIME algorithm 
(Edgar et al., 2011). Nonchimeric sequences were further processed by clipping the 
forward and the reverse primer sequences and applying a length filter for sequences 
between 120 and 167 bp. Sequences below or above this cut-off were found to be 
chimeric sequences that were not detected by the UCHIME algorithm. Taxonomic 
classification of the processed sequences was performed using QIIME (Caporaso et 
al., 2010). Operational taxonomic units (OTUs) were generated with UCLUST, applying 
a 97% identity threshold (Edgar, 2010). Reference for OTU clustering and taxonomic 
classification was the SILVA database, version 123 (Quast et al., 2013; Yilmaz et al., 
2014). 
Results 
Novel strains of Planctomycetes 
Isolation and identification. Blade material and biofilms of young and aged Posidonia 
oceanica plants were used to inoculate solid media. Based on methods tested and 
optimized in previous studies (chapter 2), a stringent cultivation approach with N-
acetyl-D-glucosamine (NAG) as sole carbon and nitrogen source combined with the 
use of an antibiotic mixture of ampicillin/streptomycin and gellan gum as solidifying 
agent was employed to selectively enrich Planctomycetes bacteria. In addition, biofilm 
suspensions and seagrass blades were used to inoculate cultivation media. In this 
study, cultivation from seagrass blades swapped over the solid media plates was highly 
efficient, with colony growth visible after 7 days of incubation and subsequent growth 
of more colonies over the course of 4 month. Interestingly, plates inoculated with 1:100 
diluted biofilm suspensions did not show any growth of Planctomycetes-related 
bacteria and little bacterial growth altogether. Since seagrass blade-based cultivation 
was highly successful, no further cultivation based on the scrapped off biofilms was 
pursued. In total, ~85 phenotypically interesting colonies (only colonies that appeared 
after at least 4 weeks and showed pink/red or cream coloration and a smooth 
appearance) were purified by restreaking and identified by sanger sequencing. While 
approximately 15% of the sequenced colonies did not belong to the phylum 
Planctomycetes (mostly Sphingopyxis and Erythrobacter related strains), these strains 
were also among the first colonies picked (after ~20 days of incubation) and thus, 
further colonies morphologically resembling the undesired bacteria were neglected. 
Among the remaining 85% of colonies picked, many were identified as members of the 
planctomycetal genera Blastopirellula and Rhodopirellula. However, two strains, 
KOR34T and KOR42T, were identified as phylogenetically distant from other 
Planctomycetes as indicated by preliminary blast analysis. Both, KOR34T and KOR42T 
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were isolated from aged seagrass blades while in total ~50% of isolates also originated 
from young seagrass. However, these isolates were not of interest based on the criteria 
mentioned above. Also, they were closely affiliated with already described 
planctomycetal type strains. To determine the phylogenetic position of the two novel 
strains KOR34T and KOR42T, phylogenetic tree reconstruction was performed 
(Figure 1) and analyses revealed that KOR34T and KOR42T shared only 91.44% and 
92.69% of 16S rRNA gene sequence identity with their closest related type strains, 
Bythopirellula goksoyri Pr1DT and Planctomicrobium piriforme P3T, respectively 
(Table 4).  
 
 
 
 
Figure 1: Maximum likelihood 16S rRNA gene-based phylogenetic tree. Both, KOR34T and 
KOR42T belong to the family Planctomycetaceae and represent two novel genera. Related 
sequences of uncultured bacteria are shown for comparison and pronounce the distinct 
phylogenetic positions of the two novel strains. Bootstrap values based on three different tree 
building methods (Maximum Likelihood: ML; Neighbor Joining: NJ; Maximum Parsimony: MP). 
Black dots indicate support values above 70% for all three methods while grey dots show support 
values of more than 50% for all three methods but less than 70%, at least for one method. 
Branches that were not supported by all three methods show no dot. Scale bar indicates 10% 
estimated sequence divergence. 
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Based on the 16S sequence identities and interpretation of thresholds recently 
established for 16S rRNA gene identity comparison (Rosselló-Móra and Amann, 2015) 
we propose that the mentioned bacterial strains represent two novel genera within the 
phylum Planctomycetes, order Planctomycea, class Planctomycetales, family 
Planctomycetaceae. 
Characterization of novel Planctomycetes. Morphological analyses of KOR34T 
revealed that cells were ovoid to egg-shaped (Figure 2A-D), divided by polar budding 
(Figure 2A) and formed multicellular rosettes and aggregates.  
 
Table 4: 16S rRNA gene identity matrix of novel strains isolated from Posidonia oceanica 
biofilms. Identity values of the new strains and their closest related type strains are shown in bold 
face.  
No. Strain 
% identity 
1 2 3 4 
1 KOR34T 100    
2 
Bythopirellula goksoyri 
Pr1DT 
91.44 100   
3 KOR42T 82.48 79,87 100  
4 
Planctomicrobium 
piriforme P3T 
79.59 78.28 92.69 100 
 
 
Figure 2: Morphology of strain KOR34T. Cells of KOR34T were ovoid or egg- shaped with one 
pole bigger than the other (A+C). Cells were interconnected and formed rosettes or larger 
aggregates (B+D). Scale bars, 1 µm. 
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Average cell size was 1.39 x 1.08 µm and strain KOR34T grew between 20-36°C with 
an optimum of ~33°C (Figure 3A). pH was tolerated between 6.5 and 8.5 with an 
optimum at 7.5 (Figure 3B). Fatty acid analysis revealed C18:1 ω9c as the major 
component, accounting for 45.8% of fatty acids detected (Table 5).  
 
 
Figure 3: Temperature and pH optimum of strain KOR34T. To determine the optimum growth 
temperature (A) and pH (B), optical density was measured at 600 nm (OD600nm) and slope values, 
corresponding to change of OD600nm during exponential growth phase, were plotted against 
temperature or pH values. Temperature optimum was 33°C (A), while optimum pH was 7.5 (B). 
Growth curves were determined by measuring three independent replicates for each temperature 
or pH value. 
 
In comparison, cells of KOR42T were spherical in shape (Figure 4A-F), but also divided 
by polar budding (Figure 4A+D). Multicellular rosettes, chains of single cells and 
aggregates were observed (Figure 4B-F). Average cell size was 1.65 ± 0.24 µm.  
 
 
Figure 4: Morphology of strain KOR42T. Cells of KOR42T were of spherical morphology (A-F) 
and formed chains and aggregates (B,C,E,F). Cells divided by budding (D, white arrowheads) 
and were interconnected (D, white asterisk). Scale bars, 1 µm. 
99 
KOR42T grew between 22-36°C with an optimum at ~33°C. Interestingly, the strain 
required a lot of air-filled headspace during cultivation since otherwise the cells would 
die off. In addition, KOR42T would only grow in flake-like aggregates when incubated 
in M1H NAG ASW medium at temperatures from 22 to 27°C (Figure 5A, 22-27). 
However, a homogenous culture growth was observed at temperatures of 30,33 or 
36°C. (Figure 5A, 30-36). pH was tolerated between 5.5 and 8.5 with an optimum 
between 7.0 and 7.5. Fatty acid analysis revealed C16:0 as the major component, 
accounting for 42.3% of fatty acids detected (Table 5).  
Both, KOR34T and KOR42T were cytochrome oxidase and catalase positive and when 
grown on solid medium, showed a cream-like coloration of single colonies (Table 5). 
 
 
 
Figure 5: Temperature and pH optimum of strain KOR34T. To determine the optimum growth 
temperature (A) and pH (B) of KOR42T, cells were grown in glass tubes and incubated for 14 
days and results were captured by photography, since optical density measurements gave 
inadequate results due to the aggregated growth of the cells. Temperature optimum was 
determined to be between ~ 33°C (A), while optimum pH was between 7.0 and 7.5 (B). 
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Table 5: Characteristics and features of novel Planctomycetes isolated from P. oceanica leafs. 
Characteristic KOR34T KOR42T 
Arrangement of 
cells 
Rosettes and aggregates 
Rosettes, chains and 
aggregates 
Cell size [µm] 1.39 x 1.08 1.65 ± 0.24 
Cell shape ovoid to egg-shaped spherical 
Isolation source Posidonia oceanica biofilm Posidonia oceanica biofilm 
Isolation method Seagrass blade swap Seagrass blade swap 
Colony color cream cream 
Respiration aerobic aerobic 
Oxidase activity + + 
Catalase activity + + 
Temperature 
growth range [°C] 
20-36 22-36 
Temperature 
optimum [°C] 
33 33 
pH growth range* 6.5 – 8.5 5.5 – 8.5 
pH optimum* 7.5 7.0 -7.5 
Major fatty acid 
component [%] 
C18:1 ω9c 
(45.8) 
C16:0  
(42.3) 
 
Both strains utilized a variety of sugars or sugar acids including dextrin (KOR34T only), 
glycogen (KOR34T only), N-acetyl-galactosamine, N-acetyl-glucosamine, arabinose, 
cellobiose, fructose, fucose, galactose, gentiobiose, lactose, lactulose, maltose, 
mannose, mellibiose, ß-methyl-glycoside, rhamnose, sucrose, trehalose, turanose, 
pyruvic acid methyl ester (KOR34T only), succinic acid mono-methyl-ester, galacturonic 
acid (KOR34T only), glucuronic acid (KOR34T only), lactic acid (KOR34T only), glutamic 
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acid (KOR34T only), glucuronamide (KOR42T only) and glycerol (KOR34T only). The 
compared utilization pattern is shown in detail in Figure 6. 
Genome sequencing and secondary metabolism related gene cluster analyses. 
The circular genome of KOR34T consisted of 4,163,359 bases and contained 3,183 
coding sequences. Three rRNA entries, 5S, 16S and 23S were detected, while 91 tRNA 
entries were present. The molar G+C content of the DNA was 66.87% (Table 6) 
Detection of secondary metabolite related gene clusters (AntiSMASH web tool) 
revealed the presence of seven clusters, of which two were assigned terpenes, one a 
non-ribosomal-polyketidesynthethase (NRPS), one a type 3 polyketide synthase (T3-
PKS), one as resorcinol and two as undefined types “other” (Table 7). 
  
Table 6: Basic genome information of strains KOR34T and KOR42T.  
Feature KOR34T KOR42T 
Size [bases] 4,163,359 3,024,170 
Genes 3,183 2,511 
G+C content [mol%] 66.87 53.33 
rRNA entries 3 3 
tRNA entries 91 70 
 
Genome sequencing and analyses of KOR42T revealed a genome size of 3,024,170 
bases which contained 2,511 coding sequences. Three rRNA entries, corresponding 
to the three subunits were detected, while 70 tRNA entries were present. The molar 
G+C content of the DNA was 53.33% (Table 6). Detection of secondary metabolite 
related gene clusters (AntiSMASH web tool) revealed the presence of five clusters, of 
which four were assigned terpenes and one as T3-PKS (Table 7). 
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Figure 6: Heat map of substrate utilization patterns of strains KOR34T and KOR42T. Two 
biological replicates were performed using the MicroLog GN2 substrate plates. Both strains 
utilized a variety of sugar substrates and KOR34T utilized a few sugar acids not converted by 
KOR42T. Color scale shows substrate usage in percent utilization. Values below 25% were 
assumed as negative, thus no utilization of the substrate. 
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Table 7: Count numbers and annotation of predicted secondary metabolite gene clusters for 
strains KOR34T and KOR42T.  
Sec. Met. 
Cluster 
KOR34T KOR42T 
Count 7 5 
 
Assigned 
cluster 
types 
 
T3-PKS 
Other 
Terpene 
Resorcinol 
NRPS 
Other 
Terpene 
 
Terpene 
Terpene 
Terpene 
T3-PKS 
Terpene 
 
PKS: Polyketide synthase; NRPS: Non-ribosomal-polyketide synthethase; T3: type 3  
 
Biofilm morphology and bacterial community analyses. Investigation of scanning 
electron microscopy images of Posidonia oceanica leafs revealed that young plants 
were colonized with various forms of microorganisms, differing in form and length 
(Figure 7A). A higher magnification was used to investigate the morphology of the 
biofilm microorganisms of young plants in detail (Figure 7B; area of magnification 
indicated in Figure 7A, white square) and the presence of cells resembling 
Planctomycetes in morphology was observed (Figure 7B, white arrowheads). In 
comparison, aged P. oceanica showed a high number of epiphytic diatoms, which were 
also partly covered with an extracellular matrix compound (Figure 7C, white asterisks). 
Investigation with higher magnification revealed cells resembling Planctomycetes on 
aged seagrass samples in low abundance (Figure 7D, white arrowheads; area of 
magnification indicated in Figure 7C, white square). 
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Figure 7: Morphological characteristics of young and aged Posidonia oceanica leafs. Overview 
images show the morphological differences between young (A) and aged (C) epiphytic biofilm 
communities, with aged biofilms showing a strong colonization with diatoms (C, white asterisks). 
Images of higher magnification (areas indicated in overview images by white squares) highlight 
areas where cells with resembling morphology of Planctomycetes are visible on young (B) and 
aged (D) P. oceanica leafs. Scale bars indicate 6 µm. 
To investigate the bacterial community composition, MiSeq sequencing of V3 
amplicons of young and aged P. oceanica biofilms was performed and 26,077 and 
24,263 bacterial sequencing reads in total were obtained for young and aged specimen, 
respectively. A water sample taken above the sampled seagrass meadow was also 
analyzed and 32,943 bacterial sequencing reads were obtained. The numbers of 
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operating taxonomic units (OTUs) for biofilms (young and aged) and the water sample 
were 598, 647 and 615, respectively (Table 9).  
 
Table 9: Number of sequences and operating taxonomic units (OTUs) obtained from Illumina 
MiSeq sequencing of biofilms and surrounding water of Posidonia oceanica. Abundance of 
sequences annotated as Planctomycetes are listed. 
Sample description 
No. Sequences 
 (All Bacteria) 
No. OTUs  % Planctomycetes 
Biofilm (young seagrass) 26,077 598 85.6 
Biofilm (aged seagrass) 24,263 647 80.1 
Water sample 32,943 615 1.2 
 
Classification of the sequencing reads on phylum level revealed that biofilms of both, 
young (Figure 8A, BF1) and aged (Figure 8A, BF2) plants were dominated by 
Planctomycetes, representing 85.6 and 80.1% of the sequences obtained. In addition, 
Proteobacteria corresponded to ~11% of sequences in both biofilms samples and the 
next abundant phylum was Verrucomicrobia, accounting for ~2% in young and ~6.5% 
in aged P. oceanica biofilms. In comparison, the water sample we analyzed (Figure 8A, 
SW, surrounding water) contained only 1.2% of sequences classified as 
Planctomycetes, while Proteobacteria were the dominant fraction, accounting for 
~52.2% of sequences obtained. Additionally, Bacteroidetes, Cyanobacteria and 
Actinobacteria are among the most abundant phyla, making up fractions of ~21.8, 13.6, 
8.5% of detected sequences, respectively. To further elucidate the composition of 
Planctomycetes within the three samples, classification on genus level was performed 
for young and aged seagrass and the surrounding water sample. The biofilm of young 
seagrass (Figure 8B, BF1) was dominated by Bythopirellula species (~33.5%), while 
other sequences were classified as Pir4 lineage members (~20.8%) and the members 
of the genera Rhodopirellula (10.5%), Planctomyces (10.5%) and Blastopirellula 
(8.7%). A similar distribution pattern was identified for the aged biofilm sample (Figure 
8B, BF2). However, Rhodopirellula was the dominating genus, accounting for ~30% of 
planctomycetal sequences, with Pir4 being the second dominant fraction (~16.5%). In 
addition, the genera Planctomyces and Blastopirellula were present as ~9 and 8.3% of 
the classified planctomycetal sequences. Interestingly, analysis of the sequences from 
the surrounding water (Figure 8B, SW, surrounding water) revealed that ~40% of the 
planctomycetal sequences were classified as ‘Urania 1B-19 sediment group’. Other 
abundant genera in the water sample were Rhodopirellula (~17.5%) and members of 
the Pir4 lineage (~14%). Also, the genus Rubripirellula was detected, accounting for 
~9.4% of the planctomycetal sequences.  
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Figure 8: Bacterial community profiles of young and aged Posidonia oceanica biofilms and 
surrounding water investigated by Illumina MiSeq sequencing. A: Abundance of bacterial phyla 
within young (BF1) and aged (BF2) biofilm communities and surrounding water fractions of 
0.22 µm pore size filters (SW). B: Resolution of Planctomycetes diversity on genus level. 
 
Discussion 
Members of the bacterial phylum Planctomycetes have, with a few exceptions, been 
mainly cultivated from aquatic environments. Isolation sources include limnic hot 
springs, wetlands, and lakes (Hirsch and Müller, 1985; Giovannoni et al., 1987; 
Kulichevskaya et al., 2008). However, marine environments have been a rich source 
for the cultivation of Planctomycetes as well and novel species were recently isolated 
from epiphytic biofilm communities of diverse marine macroalgae (Bondoso et al., 
2014a; Yoon et al., 2014; Bondoso et al., 2015) or periphytic marine surfaces (Lee et 
al., 2013; Roh et al., 2013; Kohn et al., 2016). Another important habitat in marine 
environments is formed by submerged plants, with Posidonia oceania being the 
endemic species in the Mediterranean Sea (Hofrichter, 2002). While novel bacterial 
strains were isolated from the epiphytic community of P. oceanica, these isolates 
mainly belong to the genus Marinomonas (Espinosa et al., 2010; Lucas-Elio et al., 
2011). Employing selective cultivation methods, we enriched Planctomycetes from the 
leaf biofilms of young and aged P. oceanica plants and isolated two strains which, 
based on taxonomic threshold values for 16S rRNA gene identities (Rosselló-Móra and 
Amann, 2015) as well as substrate utilization patterns are clearly distinct from their 
phylogenetically closest relatives and thus represent two novel genera within the 
phylum Planctomycetes. Both strains showed mesophilic growth profiles and utilized a 
variety of sugar molecules including glucose, galactose, and mannose. These 
molecules were found to be the main sugars in the soluble nonstarch polysaccharide 
107 
fraction that is part of the chemical composition and structural constituents of Posidonia 
australica (Torbatinejad et al., 2007). In addition, like terrestrial plants, Posidonia cell 
walls contain high proportions of cellulose, making up to 200 grams per kilogram 
drymass. Interestingly, both novel planctomycetal isolates could utilize cellobiose, 
which is a dimeric sugar composed of two glucose molecules and can be obtained by 
acidic or enzymatic hydrolysis of cellulose. Cellulolytic activities were reported for the 
planctomycete Telmatocola sphagniphila (Kulichevskaya et al., 2012) and peat-
inhabiting planctomycetes are possibly involved in the degradation of Sphagnum-
derived litter (Ivanova et al., 2016b), which is mainly constituted of cellulose (Kremer et 
al., 2004). Since we did not investigate the capability of our strains to grown on media 
with cellulose as sole carbon source, at this point it remains unclear if utilization of 
cellobiose is indicative for the capability of the two novel strains to degrade cellulose, 
or simply means that they can hydrolyze cellobiose to glucose for utilization.  
Another interesting feature concerning the growth of the novel strain KOR42T was 
revealed during temperature optimum experiments. After the strain was isolated and 
grown in liquid culture, KOR42T was growing in aggregates which often reached several 
millimeters in size. Above 30°C however, the growing culture changed from the 
characteristic aggregated growth with almost clear surrounding medium to a 
homogenous culture with high turbidity. Inspection of both, aggregated and 
homogenous culture tubes showed intact cells, which divided by budding, indicating 
that the cells in the homogenous cultures were not harmed by temperatures of 30 or 
33°C (data not shown). Change of growth pattern in bacterial cultures can be influenced 
by the oxygen levels required for growth or by the introduction of oxygen to 
anaerobically growing microbes. Reversed effects, where bacteria changed from 
homogenous to aggregated growth were observed for Desulfovibrio oxyclinae, a 
bacterium that forms cell clumps as a protective measure against oxygen in their 
natural habitat, microbal mats, where changes in oxygen levels frequently occur 
(Sigalevich et al., 2000). However, strain KOR42T was isolated under aerobic 
cultivation conditions and cultures that were kept in reaction tubes with only a few 
milliliters of air headspace quickly died off, indicating that rather high levels of oxygen 
were necessary for growths and the observed switch in growth pattern was not 
influenced by oxygenation. Bacterial aggregate dispersion was also reported for E. coli, 
where the quorum sensing molecule autoinducer 2 (AI-2) promoted the formation of 
aggregates several millimeters in size (Laganenka et al., 2016). However, 
accumulation of AI-2 in the investigated E. coli cultures can also lead to dispersion of 
these aggregates (Laganenka et al., 2016). In addition, aggregation is a known 
mechanism of bacteria to tolerate stress-inducing conditions in their surroundings (Hall-
Stoodley et al., 2004; Klebensberger et al., 2007). In the case of the planctomycetal 
species Rhodopirellula baltica, aggregate formation was promoted by sufficient levels 
of ammonium, while cells formed less aggregates when ammonium was depleted, 
indicating that nutrient restriction directly influences the growth behavior and culture 
morphology (Frank et al., 2011). Thus, it is possible that cultivation of KOR42T at low 
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cell densities led to aggregate formation, while cultivation at higher temperatures led to 
higher maximum cell densities, inducing dispersal of the cell aggregates. However, 
further investigations and experiments, possibly including cultivation of the strain in 
media with defined concentrations of nutrients, are necessary to verify the definite 
cause of KOR42T aggregate formation and dispersion. 
In addition to the chemotaxonomic characterization of KOR42T and the second novel 
planctomycetal isolate KOR34T, genome sequencing revealed that both strains 
possessed rather small genomes when compared to other Planctomycetes species. A 
comparative study of planctomycetal genomes revealed that average genome sizes of 
these bacteria are in a range of 6 to 7 MB (Jeske et al., 2013), much larger than the 
genome size determined for our novel strains. However, when investigating the 
presence of secondary metabolite gene clusters, we found that genome size positively 
correlated with the number of putative secondary metabolite gene clusters identified in 
the genomes of our novel strains. This is in accordance with the results of (Donadio et 
al., 2007) and (Jeske et al., 2013), who found that Planctomycetes and other bacteria, 
which possess larger genomes, also possessed higher numbers of gene clusters 
possible involved in secondary metabolite production, due to the correlation of genome 
size and endoding capacity of thiotemplate modular systems, which include non-
ribosomal polyketide synthetases (NRPS) and polyketide synthases (PKS) (Donadio et 
al., 2007). The planctomycetal potential to produce bioactive compounds has recently 
been investigated (Jeske et al., 2016) and earlier studies indicated that crude extracts 
of planctomycetal cultures are able to inhibit growth of pathogenic bacterial strains 
(Graca et al., 2016). Investigation of genome sequences of our novel strains revealed 
several gene clusters annotated as type 3 PKS or terpenes. While PKS clusters often 
encode large secondary metabolite production machineries (Fischbach and Walsh, 
2006), terpens represent a group of molecules with diverse function and properties. 
These include acting as antibiotic, hormones or anti-tumor agents (Yamada et al., 
2012). In addition, natural terpenes have recently been suggested as effectors in 
promoting transdermal drug delivery and are thus of importance in several fields of 
human medicine (Chen et al., 2016). While gene clusters of our novel strains, detected 
by the antiSMASH web-tool, often only shared 9% or less identity on gene level with 
the identified clusters in the database, our findings support the idea that novel strains 
from Posidonia oceanica are worth being studied in terms of secondary metabolite 
production. However, further experiments under consideration of recently described 
methods for planctomycetal secondary metabolite production (Jeske et al., 2016) are 
necessary to evaluate if studies on the novel P. oceanica-derived planctomycetes 
strains is worthwhile.  
The endophytic root microbiome and mycobiome of Posidonia oceanica has been 
investigated extensively (Garcias-Bonet et al., 2012; Torta et al., 2015; Vohnik et al., 
2015; Vohnik et al., 2016) and next generation sequencing methods were used to 
investigate mycoviruses associated with fungi derived from P. oceanica (Nerva et al., 
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2016). However, for the first time, we investigate the morphology and bacterial 
community composition of epiphytic biofilms of young and aged P. oceania plants, 
focusing on the upper leaf zone of the seagrass. The morphological difference of young 
and aged seagrass leaves becomes evident already macroscopically. While young 
plant leafs are bright green with little to no visible colonization with algae or other 
organisms, aged leafs are dark green to brown in color, showing signs of degradation 
and fouling due to the colonizing organisms. Applying scanning electron microscopy, 
we found that young plants were mainly colonized by bacteria and other microbes, 
while aged plant leaves in addition seemed to be colonized by diatoms. Colonization of 
P. oceanica with diatoms including members of the genus Cocconeis was previously 
reported (Novak, 1984; Mazzella and Spinoccia, 1992) and structures of the diatoms 
we observed in our study strongly resembled Cocooneis species previously detected 
on Zostera noltii, where these diatoms were described as fast colonizers with a broad 
distribution in global oceans (Lebreton et al., 2009). In addition, we identified cells 
morphologically resembling Planctomycetes. Since, to our knowledge, no previous 
data about the epiphytic bacterial community of P. oceanica exists, further 
interpretation of our microscopy data seemed unrewarding. Interestingly, results of our 
sequencing effort revealed Planctomycetes to be the dominant phylum in biofilms of 
both, young and aged P. oceanica leafs. Dominance of Planctomycetes in marine 
biofilms has been previously reported for macro algae of the species Laminaria 
hyperborea (Bengtsson and Øvreås, 2010), but seasonal dynamics, macrofouling and 
other factors strongly influence the bacterial community composition of these biofilms 
(Bengtsson et al., 2010; Sawall et al., 2012). In addition, investigations of for example 
marine macroalgal biofilms have shown that Planctomycetes are almost always 
present, albeit not always among the dominant fractions of bacteria in those biofilms 
(Rast et al., unpublished data; chapter 2)(Lachnit et al., 2011; Zhang et al., 2013). 
When analyzing the comparative water sample, we found that sequence patterns were 
dominated by Proteobacteria and Bacteroidetes sequences, while Planctomycetes 
represented only a minor fraction. Interestingly, the Planctomycetes fraction in the 
analyzed water sample was significantly different in their assembly when compared to 
the biofilm-associated Planctomycetes. Sequences of biofilm samples revealed 
Planctomycetes associated with the genera Rhodopirellula, Bythopirellula and 
Planctomyces. Accumulation of Rhodopirellula related species in particle-associated 
bacterial fractions has been previously reported (DeLong et al., 1993; Crump et al., 
1999; Winkelmann and Harder, 2009; Pizzetti et al., 2011) and their dominance in 
biofilms of the marine alga Laminaria hyperborea was reported (Bengtsson and 
Øvreås, 2010). In contrast, the major fraction of planctomycetal sequences detected in 
the water sample were classified as “Urania 1B-19 sediment group”. This yet uncultured 
group of Planctomycetes was first detected in deep sea sediments of the Eastern 
Mediterranean (Heijs et al., 2008) and members of this group were detected along 
cobalt-rich crusts of deep sea sediments, where Planctomycetes were the major OTU 
fraction besides Proteobacteria, indicating a potential role of these organisms in the 
crust formation (Liao et al., 2011). Also, a role for these bacteria in intertidal zone 
110 
sediments along Bohai Sea was suggested (Zheng et al., 2014). In addition, “Urania 
1B-19 sediment group”-related bacteria were identified among the major bacterial 
groups responsible for dissolved organic nitrogen (DON) assimilation in >3 µm fractions 
of euphotic zone waters (Orsi et al., 2016). The processes of DON transformation in 
global oceans and the microorganisms responsible are not well understood, even 
though DON supports a significant amount of heterotrophic production in the ocean 
(Orsi et al., 2016). Identification of Planctomycetes as part of the DON assimilatory 
microorganismic community underlines the importance of members of this phylum in 
global nutrient cycling. In our study, the “Urania 1B-19 sediment group” was detected 
in the surrounding water sample above the seagrass meadow. However, since this 
group is usually affiliated with sediments, we hypothesize that microscopic sediment 
grains were transferred into the water samples by turbulences in the water column, 
resulting in the fraction of sequencing reads we saw in our amplicons. 
In this work, we revealed Planctomycetes as major bacterial fraction in Posidonia 
oceanica leaf blade biofilms and were the first to elucidate the epiphytic bacterial 
community composition of this important submerged marine plant. Previously, studies 
investigating microrganisms associated with P. oceanica mainly focused root-
associated or endophytic microorganismic communities (Garcias-Bonet et al., 2012; 
Nerva et al., 2016; Vohnik et al., 2016). Planctomycetes were the dominant fraction on 
both, young and aged seagrass leaf blades, while surrounding seawater contained 
bacteria of the environmentally relevant, yet uncultured “Urania 1B-19 sediment group” 
of Planctomycetes. In addition, we obtained two novel strains of Planctomycetes in 
pure culture and described them employing a polyphasic approach, while also obtaining 
full genome sequences. Since our findings only portrait a snapshot of the epiphytic 
bacterial community of P. oceanica, it would be interesting to monitor this bacterial 
community more frequently to not only describe, but to understand its potential role in 
P. oceania meadow development. Finally, knowing that important players in nitrogen 
cycling dwell in shallow waters and that some of them belong to the Planctomycetes, 
isolating these microbes in pure culture would be a major step towards understanding 
the mechanisms underlying nitrogen cycling in global shallow and potentially deep 
ocean waters. 
Description of Ovipirellula gen. nov.  
Ovipirellula (N.L. neut. n. ovum egg; N.L. fem. n. Pirellula, name of a bacterial genus; 
Ovipirellula, an egg-shaped organism related to the Pirellula group) 
Cells are egg- shaped to ovoid and form multicellular rosettes and aggregates. No 
chain or spore formation was observed. During exponential growth phase, a major 
fraction of cells was highly motile. Cells divide by polar budding. Organisms display 
mesophilic growth properties. The molar G + C content of the DNA is ~66-67%. The 
predominant cellular fatty acid of the type species is C18:1 ω9c. Members belong to the 
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phylum Planctomycetes, class Planctomycea, order Planctomycetales, family 
Planctomycetaceae. The type species of the genus is Ovipirellula posidonica. 
Description of Ovipirellula posidonica sp. nov. 
Ovipirellula posidonica (N.L. fem. adj. posidonica, relating to the genus name 
Posidonia, of Posidonia oceanica, the marine plant from which the type strain was 
isolated) 
Exhibits the following properties in addition to those given for the genus. Growth 
aerobically. Colonies are of pale pink color and have a smooth surface. Cells are 
1.39 x 1.08 µm in size and react positive for cytochrome oxidase and show catalase 
activity. Growth at temperatures between 20-36°C with an optimum at 33°C. Optimum 
pH is 7.5, with a tolerance from 6.5 to 8.5. Utilizes a variety of sugar substrates and 
carboxy acids and grows with solely N-acetyl-D-glucosamine. Prefers gellan gum over 
agar as solidifier in media. The G+C content of the DNA is 66.87 mol%. The type strain 
is KOR34T and was isolated from the epiphytic biofilm community of 
Posidonia oceanica. Due to the rather slow growth properties of the strain, deposition 
is ongoing and the strain can be distributed as living culture by the authors on request. 
Description of Mariglobus gen. nov. 
Mariglobus (Ma.ri.glo.bus L. neut. n. mare ocean; mari located from the ocean; L. m. n. 
globus a sphere; N. L. neut. n. Mariglobus, a spherical organism from the ocean)  
Cells are spherical and form rosettes and aggregates. Chain formation, but neither 
spore formation nor motility was observed. Cells divide by budding. Members display 
mesophilic growth properties. The molar G + C content of the DNA is ~53-55%. The 
predominant cellular fatty acid of the type species is C16:0. Members belong to the 
phylum Planctomycetes, class Planctomycea, order Planctomycetales, family 
Planctomycetaceae. The type species of the genus is Mariglobus mutabilis. 
Description of Mariglobus mutabilis sp. nov. 
Mariglobus mutabilis (mu.ta.bi’lis L. m. adj. mutabilis changeable; emphasizing the 
ability of cells in liquid culture to change between aggregated or homogenous growth) 
Exhibits the following properties in addition to those given for the genus. Growth 
aerobically. Colonies are cream colored and have a smooth surface. Cells are 1.65 ± 
0.24 µm in size and react positive for cytochrome oxidase and show catalase activity. 
Growth at temperatures between 22 – 36°C with an optimum at 33°C. Optimum pH is 
between 7.0 and 7.5, with a tolerance from 5.5 to 8.5. Utilizes a variety of sugar 
substrates and carboxy acids and grows with solely N-acetyl-D-glucosamine. Prefers 
gellan gum over agar as solidifier in media. The G+C content of the DNA is 53.33 mol%. 
The type strain is KOR42T and was isolated from the epiphytic biofilm community of 
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Posidonia oceanica. Due to the growth properties of the strain, deposition is ongoing 
and the strain can be distributed as living culture by the authors on request. 
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Chapter 4 
Three novel species with peptidoglycan cell walls form the new genus 
Lacunisphaera gen. nov. in the family Opitutaceae of the 
verrucomicrobial subdivision 4 
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Abstract 
The cell wall of free-living bacteria consists of peptidoglycan (PG) and is critical for 
maintenance of shape as dissolved solutes cause osmotic pressure and challenge cell 
integrity. Surprisingly, the subdivision 4 of the phylum Verrucomicrobia appears to be 
exceptional in this respect. Organisms of this subdivision are described to be devoid of 
muramic or diaminopimelic acid, usually found as components of PG in bacterial cell 
walls. Here we describe three novel bacterial strains from a freshwater lake, IG15T, 
IG16bT and IG31T, belonging to a new genus in the subdivision 4 of Verrucomicrobia 
which we found to possess PG as part of their cell walls. Biochemical analysis revealed 
the presence of diaminopimelic acid not only in these novel strains, but also in Opitutus 
terrae PB90-1T, the closest described relative of strains IG15T, IG16bT and IG31T. 
Furthermore, we found that nearly all genes necessary for peptidoglycan synthesis are 
present in genomes of subdivision 4 members, as well as in the complete genome 
sequence of strain IG16bT. In addition, we isolated and visualized PG-sacculi for strain 
IG16bT. Thus, our results challenge the concept of peptidoglycan-less free-living 
bacteria. Our polyphasic taxonomy approach places the novel strains in a new genus 
within the family Opitutaceae, for which the name Lacunisphaera gen. nov. is proposed. 
Strain designations for IG15T, IG16bT and IG31T are Lacunisphaera parvula sp. nov. 
(=DSM 26814 = LMG 29468), Lacunisphaera limnophila sp. nov. (=DSM 26815 = LMG 
29469) and Lacunisphaera anatis sp. nov. (=DSM 103142 = LMG 29578) respectively, 
with Lacunisphaera limnophila IG16bT being the type species of the genus. 
Keywords: Peptidoglycan, Subdivision 4, Verrucomicrobia, Lacunisphaera, Ornithine 
Introduction 
In aquatic environments, abiotic factors such as salinity and temperature, but also 
intrinsic metabolism-related mechanisms challenge the cellular integrity of 
microorganisms and their ability to proliferate. Protective elements may be of a 
structural nature, such as S-layers, or the avoidance of osmotic stress by living in 
dependency of host organisms which provide stable conditions for survival (Miles, 
1992; Engelhardt, 2007). Members of the class Mollicutes for example lack a 
peptidoglycan cell wall (Razin, 2006), are osmotically fragile and exhibit pleomorphism 
(Miles, 1992). Thus, they depend on an eukaryotic host to provide an osmotically stable 
environment for living.  
On the other hand, free-living bacteria usually possess cell wall structures including 
three dimensionally cross-linked polymeric glycan strands, interconnected by short 
peptide elements, a structure commonly known as peptidoglycan (PG) to protect 
cellular integrity. Among bacteria only few exceptions are described while all 
controversy discussed species belong to the Planctomycetes-Verrucomicrobia-
Chlamydiae (PVC) superphylum (Wagner and Horn, 2006). In many respects, this 
PVC-superphylum seems to challenge our concept of the prokaryotic cell (Lee et al., 
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2009; Fuerst and Sagulenko, 2011; Jacquier et al., 2015). In particular, the suggested 
absence of PG in Planctomycetes (König et al., 1984), Chlamydia (Fox et al., 1990) 
and subdivision 4 Verrucomicrobia (Yoon, 2011b) is remarkable. While the assumed 
lack of PG seems to be associated with the lack of the otherwise universal bacterial 
cell division protein FtsZ in Planctomycetes (Pilhofer et al., 2008; Jogler et al., 2012) 
and Chlamydia (Stephens et al., 1998), subdivision 4 Verrucomicrobia encode the 
tubulin homolog FtsZ (Pilhofer et al., 2008). However, Planctomycetes were recently 
found to possess a PG cell wall (Jeske et al., 2015; van Teeseling et al., 2015). For 
Chlamydia, the existence of PG was demonstrated but a canonical PG sacculus was 
not isolated (Liechti et al., 2014; Packiam et al., 2015). However, for some other 
members of the phylum Chlamydiae a PG sacculus was identified (Pilhofer et al., 
2013). Chlamydia are obligate intracellular pathogens (Jacquier et al., 2015) and thus 
dwell in an environment isotonic to their cytoplasm, they do not necessarily require a 
peptidoglycan sacculus to maintain cell shape. Accordingly, recent evidence suggests 
that PG forms an MreB regulated ring at mid-cell to allow cell division in pathogenic 
Chlamydia (Liechti et al., 2016). In contrast a typical bacterial sacculus was reported 
for the free-living Planctomycetes that have to withstand various osmotic challenges in 
their natural habitats (Jeske et al., 2015; van Teeseling et al., 2015), while free-living 
bacteria of the verrucomicrobial subdivision 4 are still considered to lack a PG sacculus. 
This bacterial group belongs to the phylum Verrucomicrobia which is divided into six 
so-called subdivisions. Thus far, cultured representatives are available for subdivision 
1 – 4. Recently for subdivision 5 the new Phylum Kiritimatiellaeota was proposed, with 
one characterized isolate (Spring et al., 2016). Playing a crucial role in environmental 
nutrient cycles, members of the Verrucomicrobia have not only been found to degrade 
a variety of complex polymeric compounds in e.g. soil communities (Wang et al., 2014; 
Wang et al., 2015), some were also identified as methanotrophs (Sharp et al., 2013; 
van Teeseling et al., 2014b). Increasing efforts to extend the knowledge about this 
environmentally important phylum have led to the successful isolation and description 
of several new species in recent years (Lee et al., 2014; Kim et al., 2015). However, 
the majority of new strains brought into pure culture is affiliated with subdivision 1. 
Therefore, the scarce data existing to date leaves inconclusive results about the 
suspected peptidoglycan anomaly of subdivision 4 Verrucomicrobia. Furthermore, thus 
far only two genomes from validly described species (Opitutus terrae and 
Coraliomargarita akajimensis) are available. Both genomes were not yet analyzed for 
PG related genes with state-of-the-art bioinformatic methods (Jeske et al., 2015). Some 
members of this subdivision have been found to be resistant to various -lactam 
antibiotics, indicating either absence of PG or a resistance mechanism such as -
lactamases. For other strains the presence of typical cellular PG building blocks was 
not investigated at the time of their description (Shieh and Jean, 1998; Choo et al., 
2007), leaving open the question whether peptidoglycan exists in verrucomicrobial 
subdivision 4. Members of this subdivision have been isolated from soil communities 
and leafs, while most strains originate from aquatic habitats, including freshwater lakes, 
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marine and extreme habitats such as hot springs (Shieh and Jean, 1998; Chin et al., 
2001; Choo et al., 2007; Yoon et al., 2007c; Yoon et al., 2010). Here we describe the 
targeted isolation of subdivision 4 Verrucomicrobia, using antibiotic agents as selective 
markers for -lactam resistant bacteria. Our strategy led to the successful cultivation of 
three novel strains from surface fresh water samples. By biochemical, microscopic and 
computational analysis we found that the novel and previously reported members of 
the verrucomicrobial subdivision 4 possess PG as part of their cell walls. 
Our findings challenge the proposed absence of peptidoglycan among subdivision 4 
Verrucomicrobia, while at the same time extending the scarce pool of cultivated species 
in this environmentally important phylum. 
Material and Methods 
Sample collection and preparation. Surface freshwater samples were collected in 
triplicates from a local pond (52° 9' 38'' N, 10° 32' 40'' E, Wolfenbüttel, Germany) on 
August 30th, 2012 after the observation of a massive cyanobacterial blooming event. 
Water was collected in sterile polypropylene bottles, immediately transferred to the 
laboratory, homogenized and processed within two hours. 
Culture media and bacterial isolation. Cultivation medium M1H was prepared with 
double distilled water containing 0.25 g/l peptone (Bacto), 0.25 g/l yeast extract 
(Bacto), 2.38 g/l HEPES (Serva), 20 ml/l mineral salt solution and a pH adjusted to 
8.0 with 5M KOH. After sterilization, the medium was complemented with 10 ml/l of a 
2.5% glucose solution, 5 ml/l double concentrated vitamin solution, 1 ml/l of 100 mg/ml 
carbenicillin and 20 mg/ml cycloheximide stock solutions, respectively. Solid medium 
was prepared with three times washed 12 g/l agar (Bacto) and cooled to 55°C prior 
to the addition of heat sensitive solutions. Both, mineral salt solution and double 
concentrated vitamin solution were prepared according to DSMZ medium 621, while 
metal salts solution consisted of 250 mg/l Na–EDTA, 1095 mg/l ZnSO4.7H2O, 500 mg/l 
FeSO4.7H2O, 154 mg/l MnSO4.H2O, 39.5 mg/l CuSO4.7H2O, 20.3 mg/l CoCl2.6H2O and 
17.7 mg/l Na2B4O7.10H2O of which 50 ml were added per liter of mineral salt solution. 
For initial bacterial isolation, solid M1H medium was supplemented with 100 µl of 
carbenicillin stock solution (100 mg/ml), dried for 30 minutes and inoculated with 100 
µl homogenized sample material per plate in a 10 – 10–2 dilution series and incubated 
at 20 °C in the dark until colony formation became visible. Single colonies were 
inoculated on fresh solid medium with respective antibiotics. Pure cultures were 
cryopreserved in M1H medium supplemented with 50% glycerol or 5% DMSO and 
stored at -80 °C. Strains isolated and later identified as members of the 
verrucomicrobial subdivision 4 were designated IG15T, IG16bT and IG31T. Unless 
otherwise indicated, verrucomicrobial strains were cultivated at 28°C to ensure 
reproducibility of cultivation dependent experiments. 
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Cultivation medium of thin layer chromatography reference strains, Bacillus subtilis 
DSM 10 and Escherichia coli DSM 498, was standard LB medium contained 10 g/l 
tryptone, 10g/l sodium chloride and 5 g/l yeast extract at pH 7.0 (Bertani, 1951). 
For Opitutus terrae PB90-1T cultivation was performed following the recommendations 
of the Leibniz Institute DSMZ (DSMZ medium no. 295). 
Molecular identification and phylogenetic analysis. Novel isolates were identified 
by direct sequencing of the 16S rRNA gene after amplification with the optimized 
universal primers 8f (5’–AGA GTT TGA TCM TGG CTC AG–3’) and 1492r (5’–GGY 
TAC CTT GTT ACG ACT T–3’) modified from (Lane, 1991). PCR reactions were 
performed directly on single colonies for identification or liquid cultures to check for 
purity, using the Taq DNA Polymerase Kit (Qiagen) with one reaction of 25 µl containing 
11µl PCR–grade H2O, 2.5 µl 10x CoralLoad buffer, 2.5 µl Q-Solution, 0.5 µl dNTPs (10 
mM each), 1 µl sterile bovine serum albumin solution (20 mg/ml), 0.5 µl MgCl2 solution 
(25 mM), 0.125 µl Taq–Polymerase (1U/µl) and 1 µl of each primer (10 pmol). The 
employed protocol consisted of two steps, the first step with an initial denaturation at 
94°C, 5 min, 10 cycles of denaturation at 94°C, 30 sec, annealing at 59°C, 30 sec, 
elongation at 72°C, 1 min, followed by the second step with 20 cycles denaturation at 
94°C, 30 sec, annealing at 54°C, 30 sec, elongation at 72°C, 1 min and a final 
elongation step at 72°C, 7 min. All PCRs were carried out in an Applied Biosystems 
Veriti thermal cycler (Thermo Fisher Scientific) and PCR products were stored at 4°C 
until Sanger sequencing. 
To generate near full length 16S sequences, additional primers (compare Table S1) 
were used for sequencing and assembly of the resulting sequences was performed 
with the ContigExpress application of the Vector NTI® Advance 10 software (Thermo 
Fisher Scientific). 
Alignment of near full length 16S rRNA sequences was performed using the SINA web 
aligner (Pruesse et al., 2012), corrected manually and used for phylogenetic tree 
reconstruction. Tree reconstruction was performed with the ARB software package 
(Ludwig et al., 2004) using the Maximum Likelihood RAxML module and rate 
distribution model GTR GAMMA running the rapid bootstrap analysis algorithm, the 
Neighbor Joining tool with Felsenstein correction for DNA and Maximum Parsimony 
method employing the Phylip DNAPARS module. Bootstrap values for all three 
methods were computed with 1,000 resamplings including the E. coli 16S rRNA gene 
positions 101–1,371. The analysis involved 68 nucleotide sequences of described type 
strains and uncultured clones, related to the novel strains (compare Table S2). 16S 
rRNA gene identity values of novel isolates and related type strains were calculated 
using neighbor joining clustering of the ARB package. 
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Characterization of novel isolates 
Morphological, physiological and biochemical analyses. Bacterial cells were 
immobilized on a 1% agarose–pad in MatTek 35 mm glass-bottom dishes and imaged 
under phase–contrast illumination using a Nikon Eclipse Ti invers microscope at 100 
magnification and the Nikon DS–Ri2 camera. To determine the cell size of the novel 
strains, 100 individual cells of each strain were measured using the NIS-Elements 
software V4.3 (Nikon Instruments). 
For field emission scanning electron microscopy (FESEM) bacteria were fixed in 1% 
formaldehyde in HEPES buffer (3 mM HEPES, 0.3 mM CaCl2, 0.3 mM MgCl2, 2.7 mM 
sucrose, pH 6.9) for 1 h on ice and washed one time with HEPES buffer. Cover slips 
with a diameter of 12 mm were coated with a poly-L-lysine solution (Sigma-Aldrich) for 
10 min, washed in distilled water and air-dried. 50 µl of the fixed bacteria solution was 
placed on a cover slip and allowed to settle for 10 min. Cover slips were then fixed in 
1% glutaraldehyde in TE buffer (20 mM TRIS, 1 mM EDTA, pH 6,9) for 5 min at room 
temperature and subsequently washed twice with TE–buffer before dehydrating in a 
graded series of acetone (10, 30, 50, 70, 90, 100%) on ice for 10 min at each 
concentration. Samples from the 100% acetone step were brought to room temperature 
before placing them in fresh 100% acetone. Samples were then subjected to critical-
point drying with liquid CO2 (CPD 300, Leica). Dried samples were covered with a 
gold/palladium (80/20) film by sputter coating (SCD 500, Bal–Tec) before examination 
in a field emission scanning electron microscope (Zeiss Merlin) using the Everhart 
Thornley HESE2–detector and the inlens SE–detector in a 25:75 ratio at an 
acceleration voltage of 5 kV. 
Temperature optima of the novel isolates were determined by optical density 
measurements of growing cultures at 600nm (OD600nm). Strains were inoculated 1:10 
from early stationary phase cultures in glass tubes with M1H medium and incubated 
under constant agitation in temperature controlled shakers (for exact temperatures 
tested, compare Figure S1). Measurements were performed in triplicates and each tube 
served as its own blank prior to inoculation. Resulting growth curves were analyzed by 
plotting change of OD600nm during exponential growth phases (slope values), of each 
individual temperature against temperature values in °C. To determine the pH optimum, 
M1H medium was buffered to pH values of 5.0, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0 and 10.0 
using 10 mM MES, HEPES, HEPPS and CHES buffers, corresponding to their 
individual buffer range. OD600nm was determined in glass tubes, incubated at 28°C, with 
three replicates as measure of growth. Catalase activity was determined by bubble 
formation with fresh 3% H2O2 solution. Cytochrom oxidase activity was determined 
using Bactident Oxidase test stripes (Merck Millipore) following the manufacturer’s 
instructions. Gram properties were determined by reaction of fresh biomass with fresh 
3% KOH solution (Suslow et al., 1982). 
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Substrate utilization of the isolated strains was investigated using the Biolog GN2 
MicroLog test panel for Gram-negative bacteria. Sterile glass tubes were prepared in 
duplicates with a basic medium mixture containing 15.7 ml IF-0a inoculation fluid 
(Biolog), 160 µl of 1 M HEPES buffer (pH 8.0) and 80 µl double concentrated vitamin 
solution. Tubes were inoculated with bacterial colony material from exponentially 
growing cultures to a turbidity of 56 - 68%. Two individual plates per strain were 
evaluated. To enable the comparison of the derived data, the data of each single 
experiment were normalized to 100. Only values corresponding to > 25% utilization 
were considered as positive. The heat map graphic was obtained in the R environment 
(RCoreTeam, 2015) by using the heatmap.2() function of the gplots package.  
Analysis of cellular fatty acids. Biomass of the isolated strains was obtained from 
liquid cultures grown in M1H medium at 28°C until stationary phase. The obtained 
biomasses were stored at -20°C. For fatty acid analysis, 30 mg of lyophilized biomass 
was processed according to the standards of the Identification Service of the German 
Collection of Microorganisms and Cell Cultures (DSMZ) (Miller, 1982; Kuykendall et al., 
1988). 
Determination of molar G+C content. Strains were grown in liquid culture to 
stationary phase and biomass was obtained by centrifugation. For strains IG15T and 
IG31T, the molar G+C content was determined by the service facilities of the DSMZ. In 
brief, genomic DNA is isolated (Cashion et al., 1977), hydrolyzed, dephosphorylized 
(Mesbah et al., 1989) and analyzed by HPLC (Tamaoka and Komagata, 1984) in 
comparison to DNA standards from organisms with published genome sequences and 
a G+C content range from 43-72 mol%. G+C content of strain IG16bT was determined 
during genome sequencing with the PacificBioscience sequencer. 
Antibiotic susceptibility. Tolerance of IG15T and IG16bT towards -lactam antibiotic 
agents was investigated in a treatment assay using carbenicillin. Strains were 
inoculated as triplicates 1:10 in glass tubes with M1H medium and final concentrations 
of 0, 500, 1000 or 2000 mg/l carbenicillin were added. Tubes were incubated at 28°C 
and growth was measured as change in optical density at 600 nm. After 120 hours of 
incubation, cell viability was investigated by FESEM and cell numbers per ml were 
calculated by counting with a Neubauer chamber. 
Genome sequencing of strain IG16bT 
DNA extraction and purity control. To obtain high molecular weight DNA of strain 
IG16bT, nucleic acid was extracted from whole-cells using a tweaked Genomic DNA kit 
protocol with Genomic tips 100/G (Qiagen). The protocol was performed as 
recommended by the manufacturer with one exception: incubation time with digestive 
enzymes was prolonged to an overnight step to ensure complete lysis of bacterial cells. 
An aliquot of the extracted DNA was used to prepare 16S rRNA clone libraries (Zero 
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Blunt PCR Cloning kit; Invitrogen) and resulting clones were sequenced to ensure 
purity of the extracted DNA. 
Sequencing and gene content analysis. De novo genome sequencing of strain 
IG16bT was performed using a PacBio RS sequencer. Single molecule real-time 
(SMRT) bell libraries (Pacific Bioscience) were prepared using ~10 µg genomic DNA. 
Sequencing data was processed and assembled using the SMRT analysis software. 
The closed and complete chromosome of strain IG16bT was annotated using the 
Prokka annotation tool (Seemann, 2014) and subjected to analysis for putative genomic 
islands and phage regions using IslandViewer3 (Dhillon et al., 2015) and PHAST (Zhou 
et al., 2011), respectively. The verrucomicrobial genomes for the gene content analysis 
were derived from NCBI and IMG (Markowitz et al., 2012) in April 2016 and had to 
match the following criteria upon CheckM analysis (Parks et al., 2015): completeness 
> 90, contamination < 5 and strain heterogeneity < 20. Orthologs were detected by 
Proteinortho (Lechner et al., 2011), a tool that identifies the reciprocal best hits from 
the given protein sequences. The genome plot was then generated with BRIG (Alikhan 
et al., 2011). 
Peptidoglycan analysis 
Identification of peptidopglycan synthesis genes and -lactamase protein 
homologs. The presence of peptidoglycan synthesis genes was analyzed using blastp 
(Altschul et al., 1997), while protein sequences of Phycisphaera mikurensis 
FYK2301M01T or Gimesia maris 534-30T served as query and were compared with 
protein sequences encoded in the genomes of Opitutus terrae PB90-1T, 
Coraliomargarita akajimensis 04OKA010-24T and strain IG16bT. -lactamase encoding 
genes were detected in IG16, O. terrae and C. akajimensis as previosly described 
(Bush, 2013; Jeske et al., 2015). For both analysis, homologous proteins required an 
identity >30%, an e-value lower than 1e-6 and a conserved domain architecture. 
 
Lysozyme assay. Susceptibility to lysozyme was investigated by incubation of the 
novel strains in M1H medium. Since strain IG31T showed no lysis after 24h in M1H 
medium, osmotic stress was increased by incubation of cells in ddH2O (negative 
controls as well as lysozyme treated cells). Lysozyme was added to a final 
concentration of 10 mg/ml and cells were incubated for up to 24 h at 37°C under 
constant agitation at 300 rpm. Bacterial cells were immobilized on a 1% agarose–pad 
in MatTek 35mm glass–bottom dishes and imaged under phase–contrast illumination 
using a Nikon Eclipse Ti invers microscope at 100 magnification and the Nikon DS–
Ri2 camera (Nikon Instruments). Cell viability was checked by microscopy after 1, 3, 6 
and 24 hours of incubation in M1H medium or ddH2O until cell lysis was observed. 
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Biochemical analysis of peptidoglycan building blocks. The presence of 
diaminopimelic acid (DAP) was investigated employing thin-layer chromatography and 
gas chromatography/mass spectrometry (GC/MS). Thin-layer chromatography of 
whole-cell hydrolysates of strains IG15T, IG16bT, IG31T as well as reference strains 
Bacillus subtilis DSM 10 and Escherichia coli DSM 498 was performed as previously 
described (Staneck and Roberts, 1974). Novel isolates were grown in M1H medium at 
28°C to stationary phase and cell were harvested by centrifugation. B. subtilis and E. 
coli served as organismic controls, grown in 50 ml LB medium at 37°C overnight and 
harvested by centrifugation, while a mixture of purified DAP isomers (Sigma) was used 
as detection standard.  
Whole-cell hydrolysates of strains IG15T, IG16bT, IG31T as well as of O. terrae PB90-
1T (DSM 11246) were analysed using a gas chromatography/mass spectrometry 
(GS/MS)-based method (Schumann, 2011), previously employed to quantify the 
peptidoglycan marker DAP and in addition ornithine in a new proposed 
Verrucomicrobia related phylum (Spring et al., 2016). In brief, cell pellets were obtained 
from liquid cultures (grown as described above) and biomass was lyophilized. Samples 
were standardized for the quantification of diamino acids by supplementing lyophilized 
biomass with 2 µmol of norleucine as internal standard. The hydrolysates (200 µl 4N 
HCl, 100°C, 16 h) of the samples were dried in a vacuum desiccator. Amino acids 
derivatized to N-heptafluorobutyryl isobutylesters and were resolved in ethyl acetate 
and analyzed by GC/MS (Singlequad 320, Varian; electron impact ionization, scan 
range 60 to 800 m/z). The DAP derivative was detected in extracted ion chromatograms 
using the characteristic fragment ion set 380, 324, 306 and 278 m/z at a retention time 
of 22.17 min. A fragment ion of 266 m/z with a retention time of 15.13 was indicative of 
the presence of ornithine. 
Preparation of IG16bT sacculi. Cells of IG16bT were harvested from 2 l of stationary 
phase cultures grown in M1H medium at 28°C, by centrifugation at room temperature 
following a protocol established by van Teeseling et al 2015. In brief, cells were boiled 
at 100°C for 1h with 4% SDS, while being gently mixed by inverting the reaction tube 
several times in 15 minute intervals. Lysates were transferred to Float-a-Lyzer® 
dialysis tubes (SpectrumLabs, DG Breda, Netherlands) and dialyzed against deionized 
water in a five-liter beaker over the course of three days (water was exchanged two 
times). Dialyzed samples were stored at RT until analysis by transmission electron 
microscopy (TEM). 
Negative staining of IG16bT sacculi. Thin carbon support films were prepared by 
sublimation of a carbon thread onto a freshly cleaved mica surface. Lysate containing 
the sacculi was adsorbed onto a carbon film for 1 min and negatively stained with 1% 
(w/v) aqueous uranyl acetate, pH 5.0 (Valentine et al., 1968). After air-drying, samples 
were examined in a TEM 910 transmission electron microscope (Carl Zeiss, 
Oberkochen, Germany) at an acceleration voltage of 80 kV and calibrated 
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magnifications using a line replica. Images were recorded digitally with a Slow-Scan 
CCD-Camera (ProScan, 1024x1024, Scheuring, Germany) with ITEM-Software 
(Olympus Soft Imaging Solutions, Münster, Germany). 
Nucleotide sequence accession numbers. Near full-length sequences of the 16S 
ribosomal RNA genes as well as the complete genome sequence of strain IG16bT were 
deposited with the National Center for Biotechnology Information (NCBI) and are 
available under KX058881 (IG15T), KX058882 (IG16bT), KX058883 (IG31T) and 
CP016094 (IG16bT whole genome). 
 
Results: 
Novel species of the verrucomicrobial subdivision 4  
Isolation and identification. Surface water samples from a local duck pond were used 
for the targeted isolation of novel subdivision 4 Verrucomicrobia. Given that members 
of subdivision 4 were thought to lack peptidoglycan, -lactam antibiotics were used as 
selection pressure to enrich target bacteria. Obtained colonies of -lactam resistant 
bacteria were screened by 16S rRNA gene sequencing analysis and three isolates 
were identified as members of the verrucomicrobial subdivision 4. Phylogenetic tree 
reconstruction based on near full-length 16S rRNA gene sequences (Figure 1) revealed 
that strains IG15T, IG16bT and IG31T belong to the family of Opitutaceae, sharing 
92.21%, 92.39% and 92.90% sequence identity with the closest related species 
Opitutus terrae PB90-1T respectively (Table 1). Based on recent threshold values for 
16S rRNA gene sequence comparison (Rosselló-Móra and Amann, 2015), the novel 
strains represent three distinct species that form a novel genus within the family 
Opitutaceae, with IG15T, IG16bT and IG31T being the type strains. 
TABLE 1: 16S rRNA gene sequence identity matrix indicating similarity between the three 
verrucomicrobial isolates and the next relative Opitutus terrae PB90-1. Similarity values were 
calculated using neighbor joining clustering. 
16S rRNA gene  
sequence similarity [%] 
O. terrae 
PB90-1T 
IG15T IG16bT IG31T 
O. terrae PB90-1T 100 92.21 92.39 92.90 
IG15T 92.21 100 97.07 97.55 
IG16bT 92.39 97.07 100 97.71 
IG31T 92.90 97.55 97.71 100 
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Figure 1: Maximum likelihood 16S rRNA gene-based phylogenetic tree. All three strains cluster 
within the subdivision 4 of Verrucomicrobia with Opitutus terrae as the closest representative 
with validly published name. Related sequences of uncultured bacteria are shown for comparison 
and pronounce the distinct phylogenetic position of strains IG15T, IG16bT and IG31T. Bootstrap 
values based on three different tree building methods (Maximum Likelihood: ML; Neighbor 
Joining: NJ; Maximum Parsimony: MP). Black dots indicate support values above 70% for all 
three methods while grey dots show support values of more than 50% for all three methods and 
less than 70%, at least for one method. Branches that were not supported by all three methods 
show no dot. Scale bar indicates 10% estimated sequence divergence. 
 
Morphological, physiological and biochemical characterization of novel strains. 
Cells of strains IG15T, IG16bT and IG31T were investigated using light microscopic and 
electron microscopic techniques, revealing a coccoid cell shape with cells present as 
mono- or diplococci (Figure 2 and 3). No chain or rosette formation was observed. 
IG15T cells were the smallest of the three strains in average, measuring 0.6 ± 0.1 µm 
(diameter of single cocci with standard deviation; n=100 cells) while cells of IG16bT and 
IG31T measured 0.9 ± 0.2 µm and 0.6 ± 0.1 µm in diameter respectively (Figure 2D). 
In wide-field microscopy experiments, cell size variability of all three strains (compare 
Figure 2) became more evident than in scanning electron microscopy, where cells 
appeared smaller in size (compare Figure 3) due to osmotic stress during fixation. 
During exponential growth, cells of strain IG15T and IG31T were highly motile, while 
IG16bT showed only very few motile cells. While culture agitation was not necessary 
for growth, cells of strain IG15T produced an extracellular matrix when grown under 
constant agitation (90 rpm) (Figure 3A+B) with cells embedded in loose aggregates. 
No extracellular matrix formation was observed for strain IG16bT and IG31T (Figure 3C-
F). All strains grow aerobically. 
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Figure 2: Investigation of cell morphology and size by light microscopy. The morphology and 
average cell size of IG15T (A), IG16bT (B) and IG31T (C) was investigated by light microscopy 
under phase-contrast illumination. Cells of strain IG15T (A), IG16bT (B) and IG31T (C) are of 
coccoid morphology and grow as mono- or diplococci. Cell size was determined by measuring 
100 individual cells per strain (D) and average cell size with standard deviation differed from 0.6 
 0.1 µm (IG15T), 0.9  0.2 µm (IG16bT) to 0.6  0.1 µm (IG31T). Scale bar indicates 2 µm. 
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Figure 3: Field emission scanning electron microscopy. Strains show coccoid morphology with 
organization as mono- or diplococci. Micrographs of IG15T cells (A, overview; B, close up) 
illustrate the formation of multicellular aggregates embedded in an extracellular matrix substance 
(white arrowheads). In contrast, cells of IG16bT (C, overview; D, close up) or IG31T (E, overview; 
F, close up) did not produce an extracellular matrix. Scale bar indicates 2 µm. 
 
Temperature and pH optima measurements revealed a mesophilic growth profile with 
growth temperatures from 13-38°C, 13-36°C and 20-36°C for strains IG15T, IG16bT 
and IG31T, respectively. Optical density changes during exponential growth pointed to 
optimum growth temperatures of 33°C, 32°C and 30°C, respectively (Figure S1). IG15T 
and IG16bT could grow in pH ranges from 6.0 to 9.0, with an optimum between 7.5 and 
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8.0. The pH optimum for strain IG31T was not determined, since its pH growth 
properties are likely to be similar to strains IG15T and IG16bT. Additionally, results of 
the oxidase assays were positive and determination of catalase activity showed 
negative results for all three strains. Strains were found to be Gram-negative by 
reaction with 3% KOH solution (Suslow et al., 1982). Substrate utilization profiles of 
strain IG15T and IG16bT showed similar patterns in terms of sugar and sugar acid 
utilization, while strain IG31T was clearly distinct, utilizing substrates such as glycyl-L-
glutamic acid, L-rhamnose and succinic acid mono-methyl ester (Figure 4). Cellular 
fatty acid analysis identified iso-C15:0 as major component of IG15T and IG16bT cell 
walls with 33.3 and 48.6 %, respectively, while IG31T only contained 9.1% of this 
particular fatty acid (Table S3). Furthermore, IG31T possessed iso-C14:0 as major 
component (15.4%).  
Antibiotic susceptibility of strains IG15T and IG16bT. Antibiotic susceptibility of 
strains IG15T and IG16bT towards -lactams was investigated by treatment with 
carbenicillin. Optical density (OD600nm) measurements indicated growth at all tested 
antibiotic concentrations for both strains, as values increased over time (Figure S2, A 
and B). However, size measurements based on SEM micrographs revealed that treated 
cells of both strains were significantly increased in size when compared to untreated 
samples (Figure 5; p=0.0001). Furthermore, the number of cells per ml was significantly 
lower (about 10-fold) in treated samples (Figure S2, C; p=0.001). Thus, the increase of 
OD600nm was rather caused by swelling of the cells, than by multiplication after cell 
division. 
Genome sequencing and gene content analysis of IG16bT. The genome of strain 
IG16bT was obtained solely with single molecule real-time sequencing (PacBio). 
Sequencing read length was 3823 bp in average and yielded 616 mega bp of 
sequencing data from 6 SMRT cells with a coverage of ~80x per base. Chromosome 
size was determined at 4,199,284 bp in length and bear a GC content of 66.5 mol%. 
Annotation with Prokka revealed the presence of 3575 coding sequences, 3 rRNA and 
50 tRNA entries (Table 2). In Figure 6 the results of gene content analysis based on 
reciprocal blast are shown in a circular plot. Known genomes of subdivision 4 
Verrucomicrobia are compared to the IG16bT chromosome, thereby revealing its 
unique genomic regions (Figure 6, grey boxes). Some of these regions were also 
predicted to be genomic islands (Figure 6, grey zones, outer rim), originating from 
horizontal gene transfer, and mainly hold hypothetical proteins or proteins with domains 
of unknown function. All predicted prophage regions (Figure 6, yellow zones, outer rim) 
were incomplete (Table S4), thus no intact prophage exists in the chromosome of strain 
IG16bT. 
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Figure 4: Heatmap illustration of substrate utilization. Substrate utilization was tested using the 
GN2 Microlog plate system. Substrate spectrum of IG15T was more similar to IG16bT, while 
some substrates such as succinic acid and α-cyclodextrin were almost solely degraded by IG15T. 
IG16bT in contrast was able to utilize D-cellobiose and α-D-lactose, distinguishing it from strains 
IG15T and IG31T. The utilization pattern of IG31T was less broad, encompassing eight of the 95 
tested substrates, but included for example glycyl-L-glutamic acid, which was not utilized by 
IG15T or IG16bT. 
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TABLE 2: Basic genome information of the newly sequenced strain IG16bT and other described 
subdivision 4 Verrucomicrobia. 
Feature IG16bT 
O. terrae  
PB90-1T 
C. akajimensis  
04OKA010-24T 
Size [bases] 4,199,284 5,957,605 3,750,771 
Genes 3575 4612 3120 
GC content 
[mol%] 
66.5 65.3 53.6 
rRNA entries 3 4 6 
tRNA entries 50 65 46 
 
 
 
Figure 5: Effect of carbenicillin treatment on IG15T and IG16bT cells. Cells of IG15T and IG16bT 
were treated with carbenicillin for 120 h at 28°C. Untreated cells IG15T and IG16bT (A, B) showed 
no change in morphology, while size of treated cells (C, D: 2 mg/ml carbenicillin) was significantly 
increased (E). Cell size was calculated by measuring 20-32 cells per treatment condition. 
**** = p < 0.0001. Scale bar indicates 2 µm. 
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Figure 6: Circular plot of strain IG16bT’s 4,199,284 bp chromosome. Outer circles display protein 
(red and blue), tRNA (pink) and rRNA (green) encoding genes as well as predicted genomic 
islands (grey) and prophage regions (yellow). The inner circles show the GC plot (black) and the 
GC skew (dark and light grey). Ortholog genes from available genomes of subdivision 4 
verrucomicrobial strains, were identified by reciprocal BLAST and are depicted in light turquoise. 
Notable islands of unique gene content in IG16bT are marked by grey boxes. These regions are 
often accompanied by a distinct change in GC composition. They mainly hold hypothetical 
proteins and proteins of unknown function. All predicted prophage regions are incomplete. 
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Peptidoglycan in the verrucomicrobial subdivision 4 
Bioinformatic analysis of peptidoglycan synthesis genes and -lactamase 
homologs. Using comparative genomics, we analyzed the genomes of strain IG16bT, 
Opitutus terrae PB90-1T and Coraliomargarita akajimensis 04OKA010-24T (compare 
Table 2) with respect to genes required for the synthesis of peptidoglycan (PG). Results 
of our blast-based approach led to the conclusion that all investigated organisms harbor 
almost all genes essential for the synthesis of PG (Table S5). Interestingly, for the 
penicillin binding proteins only ftsI was identified above threshold. Gene products of 
murB and murC were encoded polycistronic in IG16bT, O. terrae and C. akajimensis 
(compare Table S5, orange boxes) leading to the identification of the same protein 
when investigated with the query protein sequences for MurB and MurC.  
Tolerance of -lactam-derived antibiotic agents in bacteria is often related to one of 
several modes of resistance, including efflux or exclusion mechanisms, alterations in 
target proteins or the most common cause being the presence of -lactamases to 
degrade the antibiotic compound (Poole, 2004). Growth of strains IG15T, IG16bT and 
IG31T on solid media supplemented with the -lactam carbenicillin gave rise to the 
assumptions that these strains possess a mode of tolerance against -lactams. 
Employing comparative genomics, we analyzed the presence of -lactamase genes in 
the genomes of strain IG16bT, O. terrae and C. akajimensis (see Table S6 and S7). For 
IG16bT and O. terrae, three -lactamases were identified, while for C. akajimensis no 
-lactamase was found with the tested criteria. Our findings suggest that a tolerance 
mechanism against carbenicillin exists in strain IG16bT and is at least partially due to 
the presence of -lactamases, leading to the survival of the organism until the antibiotic 
agent is decayed from the cultivation medium.  
Lysozyme susceptibility assay. Treatment with lysozyme leads to the disruption of 
the cell envelope by hydrolytic cleavage of -1,4-linkages in the peptidoglycan complex 
(Johnson et al., 1968). Untreated cells of strains IG15T, IG16bT and IG31T maintained 
typical coccoid cell morphology, while all three strains displayed a loss of mobility 
during incubation at 37°C (Figure 7A-C, respectively). Cells that were treated with 
lysozyme for up to 24 h at 37°C in either culture medium (IG15T and IG16bT) or ddH2O 
(IG31T) showed different susceptibility levels towards the lysozyme treatment. Cells of 
strain IG15T showed no lysis in M1H medium after 1, 3 or 6 hours, but were lysed after 
24 h of incubation (Figure 7D; white arrowheads). Cells of strain IG16bT were destroyed 
after 3 h incubation in M1H medium (Figure 7E; white arrowheads). Since strain IG31T 
showed no lysis after 24h in M1H medium, osmotic stress was increased by incubation 
of cells in ddH2O and cells were disrupted in ddH2O after 24h (Figure 7D+F; white 
arrowheads). 
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Figure 7: Effect of lysozyme treatment on strains IG15T, IG16bT and IG31T. Cells of all three 
strains were incubated with lysozyme. Untreated cells served as negative controls. Cell 
morphology was investigated by light microscopy. All strains were susceptible to lysozyme 
treatment, leading to disruption of the cells shape (D-F; white arrowheads), while cells in negative 
controls remained healthy during the whole incubation time (A-C). The isolates showed different 
resistance to the lysozyme treatment. Cells of isolate IG15T (D) and IG31T (F) were disrupted 
after 24h of incubation in M1H medium or ddH2O, respectively. In contrast, cells of strain IG16bT 
(E) lysed after 3 h of incubation in M1H medium. Scale bar indicates 5 µm. 
 
Biochemical evidence for the presence of peptidoglycan building blocks. First, 
the presence of diaminopimelic acid was investigated for strains IG15T, IG16bT and 
IG31T by thin layer chromatography (TLC) and no DL-DAP was detected. In contrast, 
Gram-negative and Gram-positive reference strains, Escherichia coli DSM498 and 
Bacillus subtilis DSM10 respectively, showed signals for DAP (Figure S3), with E. coli 
giving only a weak signal. However, we analyzed whole-cell hydrolysates of IG15T, 
IG16bT and IG31T using a more sensitive GC/MS method that previously revealed DAP 
in Planctomycetes. Despite negative results in thin layer chromatography, we found the 
specific ion peaks, characteristic for DAP (compare Figure 8B), indicating the presence 
of peptidoglycan in IG15T, IG16bT and IG31T and Opitutus terrae PB90-1T. The same 
ion peaks were previously detected for E. coli DSM 498 (Spring et al., 2016), the 
identical E. coli strain we here used in our TLC experiment. In addition, ornithine was 
detected in the whole cell hydrolysates of all three novel strains and the closest related 
type strain, O. terrae (Figure 8A). A quantitative estimation, based on the internal 
standard used, revealed that DAP and ornithine occurred in nearly equivalent, albeit 
low amounts in strains IG15T and IG16bT while ornithine was the dominant substance 
detected for Opitutus terrae and strain IG31T (Table 3). However, quantities of DAP for 
strains IG15T (7 nmol), IG16bT (6 nmol), IG31T (3 nmol) and O. terrae (4 nmol) were 
nearly 10-fold lower than those detected for the control E. coli strain (63 nmol), 
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investigated in the study of Spring et al. 2016, which explains why no signal of DAP 
was visible in TLC experiments for strains IG15T, IG16bT and IG31T, but a weak signal 
for E. coli (compare Figure S3). Furthermore, proteins essential for DAP biosynthesis 
via the aminotransferase pathway are present in the genome of strain IG16bT (LysC: 
WP_069962807.1, WP_069963418.1; Asd: WP_069963129.1; DapA: P_069962952.1; 
DapB: WP_069962953.1; DapL: WP_069960938.1; DapF: WP_069963382.1) as well 
as an alanine racemase (WP_069962553.1).  
 
Table 3: Content of diamino acids of peptidoglycan in whole-cell hydrolysates of Opitutus terrae 
PB90-1T and strains IG15T, IG16bT, and IG31T.Values are nmol of diamino acid per 1.0 mg 
lyophilized biomass. Abbreviations: DAP, diaminopimelic acid; Orn, ornithine. 
 
 
 
 
 
 
 
 
 
 
 
 
Organism DAP Orn 
Opitutus terrae PB90-1T 4 11 
IG15T 7 9 
IG16bT 6 6 
IG31T 3 18 
 135 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Mass spectrometric detection of diaminopimelic acid and ornithine in IG15T, IG16bT, 
IG31T and Opitutus terrae PB90-1T. Extracted ion chromatograms of ornithine (A) and the DAP 
derivative (N-heptafluorobutyryl DAP isobutylester) (B) from whole-cell hydrolysates of strains 
IG15T, IG16bT, IG31Tand Opitutus terrae PB90-1T are shown. Masses of the ornithine fragment 
(266 m/z) were detected for IG15T, IG16bT, IG31T, Opitutus terrae PB90-1T at 15.13 min retention 
time. Masses of DAP fragments (380, 324, 306 and 278 m/z) were detected for IG15T, IG16bT, 
IG31T and Opitutus terrae PB90-1T at 22.17 min retention time. Peaks confirming the presence 
of amino acids are highlighted for ornithine (A; black arrows) and DAP (B; black arrows) for all 
strains analyzed. 
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Thus, we conclude despite negative results in thin layer chromatography (Figure S3), 
that all analyzed strains contain DAP as diagnostic diamino acid of peptidoglycan. 
Additionally, ornithine was detected which is a part of the peptidoglycan backbone of 
certain gram-negative bacteria (Yanagihara et al., 1984; Spring et al., 2016). 
Cell sacculi of IG16bT. To give the ultimate proof that PG exists in the novel strains 
isolated in this study cell sacculi were extracted from strain IG16bT and investigated by 
transmission electron microscopy. TEM imaging revealed the presence of cell sacculi 
(Figure 9 and Figure S4) with remaining protein accumulations (white arrowheads) 
being present in the sample investigated.  
The isolation of PG sacculi together with the presence of DAP and PG synthesis genes, 
suggests that the claim of verrucomicrobial subdivision 4 lacking peptidoglycan, is not 
entirely justifiable (compare Table 4). 
 
 
Figure 9: Extracted peptidoglycan sacculus of strain IG16bT. Cells were boiled in 4% SDS for 1 
hour and unbound SDS was dialyzed against ddH2O over the course of three days. Sacculi were 
negatively stained with 1% aqueous uranyl acetate and imaged by transmission electron 
microscopy (black arrowheads). Protein-bound SDS is seen in the sample (white arrowheads). 
Scale bar indicates 0.2 µm. 
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Discussion 
All free-living bacteria possess a peptidoglycan cell wall (PG) to withstand 
environmental osmotic challenges and to maintain cell shape (Vollmer et al., 2008), 
with subdivision 4 Verrucomicrobia being described as one of the few exceptions 
(Yoon, 2011b). Since it was recently demonstrated that Planctomycetes possess a PG 
cell wall (Jeske et al., 2015) despite oppositional previous reports (König et al., 1984), 
we revisited the question if subdivision 4 Verrucomicrobia are indeed an exception to 
this otherwise universal cell biological bacterial trait. Given that only a few 
representatives of the verrucomicrobial subdivision 4 are available in axenic culture, 
we applied a selective -lactam-based cultivation approach considering the putative 
lack of PG to specifically enrich subdivision 4 Verrucomicrobia from a limnic water 
sample. As -lactam antibiotics prevent PG formation and remodeling during cell 
division by irreversible interaction with penicillin-binding proteins involved in the final 
step of PG synthesis (Waxman and Strominger, 1983), subdivision 4 Verrucomicrobia 
should comprise intrinsic resistance if no PG per se exists. Accordingly, all three strains 
described in this study were obtained from plates initially containing carbenicillin. 
However, all novel verrucomicrobial strains grew only after four months of incubation, 
indicating rather antibiotic degradation through hydrolysis than an intrinsic resistance 
against -lactam antibiotics. Thus, we analyzed the genome of the novel strain IG16bT 
in more detail to reveal the nature of its cell wall architecture and possible resistance 
mechanism to -lactam antibiotics. First, we employed bioinformatics and found strain 
IG16bT to encode -lactamase proteins that can confer resistance against -lactam 
antibiotics such as carbenicillin. Second, we incubated cultures of strains IG16bT and 
IG15T with carbenicillin concentrations of 500 - 2000 mg/l, which were far above the 
100 mg/l working concentration usually used as selection pressure for -lactamase 
mediated resistance in molecular laboratory approaches (Green and Sambrook, 2012). 
Accordingly, SEM analysis revealed that carbenicillin treated cells were inhibited in cell 
division and increased in size. However, they withstood the antibiotic reagent and 
resumed growth, once carbenicillin was depleted from the cultivation medium, as 
happened through hydrolysis over time once they were initially isolated from the 
environment. Similar behavior has been observed for Chlamydia psittaci, where 
presence of penicillin led to swelling of reticulate bodies and incomplete cell division, 
while cells transferred to penicillin-free medium resumed division (Matsumoto and 
Manire, 1970). Our observations thus rather suggest a mode of tolerance, possibly 
enabled by -lactamases, than a mode of intrinsic resistance due to the absence of PG 
in the novel isolates. In case of intrinsic resistance, increase of carbenicillin 
concentration would have had no effect on cell division. However, the degradation 
capability of -lactamases can be titrated to a point, where the enzyme cannot confer 
resistance anymore and the cell becomes affected as observed in changes of 
morphology in this study. Thus, this finding provided us with the ample motivation to 
further analyze PG in our strains. To do this comprehensively, we analyzed the genome 
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of strain IG16bT (obtained in this study) along with the published genomes of Opitutus 
terrae (van Passel et al., 2011) and Coraliomargarita akajimensis (Mavromatis et al., 
2010) employing complementary blast methods that were previously used to identify 
PG synthesis related genes in Planctomycetes (Jeske et al., 2015). We found that O. 
terrae, C. akajimensis and strain IG16bT harbor nearly all genes essential for the 
synthesis of PG. Thus, from a genomic perspective based on all available type strain 
genomes, it is likely that subdivision 4 Verrucomicrobia can synthesize PG.  
Employing a previously described procedure (Jeske et al., 2015), we next 
demonstrated that all three novel strains, IG15T, IG16bT and IG31T, are susceptible to 
the treatment with lysozyme, an enzyme that destroys beta-1,4 glycosidic bonds in the 
peptidoglycan structure, leading to disruption of the bacterial cell envelope (Johnson et 
al., 1968). Our results indicate different tolerance levels of strains IG15T, IG16bT and 
IG31T against lysozyme, under laboratory culture conditions (in M1H medium) or under 
osmotic stress (IG31T in ddH2O).  
Even though all evidence so far points towards the existence of an peptidoglycan cell 
wall in strains IG15T, IG16bT and IG31T, we obtained no signals for the diagnostic 
peptidoglycan-specific structural element diaminopimelic acid (DAP) when performing 
thin layer chromatography (TLC) experiments. This result is consistent with previous 
reports that led to the conclusion that subdivision 4 Verrucomicrobia lack PG (Yoon et 
al., 2007a). However, we analyzed whole-cell hydrolysates of our strains and Opitutus 
terrae PB90-1T using a modified version –capable of quantification- of a highly sensitive 
method based on gas chromatography and mass spectrometry (GC/MS) detection that 
previously revealed DAP in Planctomycetes (Jeske et al., 2015). We found the specific 
ion set characteristic for DAP, while quantification of DAP in whole-cell hydrolysates of 
our strains and O. terrae revealed that this marker was only present in low quantities, 
possibly explaining why less sensitive methods such as TLC failed to detect DAP. 
Furthermore, all proteins essential for DAP synthesis were detected within the genome 
of strain IG16bT. In addition, we surprisingly detected the non-proteinogenic diamino 
acid ornithine that was, until recently, thought to be an exception in PG among Gram-
negative bacteria limited to Spirochaetaceae (Schleifer and Joseph, 1973; Yanagihara 
et al., 1984). At this point, it cannot be excluded that ornithine could have been 
extracted from certain amino lipids or other cell components instead of peptidoglycan, 
because only whole-cell hydrolysates were analyzed. However, ornithine was recently 
identified in whole-cell hydrolysates of both, the proposed phylum Kiritimatiellaeota -
formally known as verrucomicrobial subdivision 5- and representatives of the phylum 
Lentisphaerae (Spring et al., 2016), indicating that more Gram-negative bacteria 
display such alterations in their PG cell walls. Spring et al. additionally analyzed whole-
cell hydrolysates of E. coli DSM 498, the same strain we used for TLC analysis, and 
found much higher quantities of DAP (63 nmol) then we did for our strains (compare 
table 3), consequently supporting the observation of TLC being a method unfit to detect 
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DAP in cases were only low quantities are present in the cell walls of the investigated 
organism. 
To ultimately proof the existence of peptidoglycan sacculi, we isolated them from strain 
IG16bT and visualized them employing TEM (Figure 9).  
Based on our findings, we conclude that subdivision 4 Verrucomicrobia do possess PG 
sacculi. Contrary previous reports used methods such as thin layer chromatography 
(TLC) (Yoon et al., 2007c) that did not detect DAP in subdivision 4 Verrucomicrobia in 
our hands as well (Figure S3). Thus, future analyses must meet a new standard in PG 
detection, set by others and us, to justify the claim that a certain free-living bacterial 
strain lacks PG (Pilhofer et al., 2013; Jeske et al., 2015; Packiam et al., 2015; van 
Teeseling et al., 2015).  
Based on recent results (Pilhofer et al., 2013; Jeske et al., 2015; Packiam et al., 2015; 
van Teeseling et al., 2015) and the outcome of this study we further postulate -applying 
the lex parsimoniae- that all free-living bacteria require a PG cell wall to maintain cell 
shape integrity in habitats with osmotic conditions different from their cytosol.  
  
Description of Lacunisphaera gen. nov. 
Lacunisphaera (La.cu.ni.sphae.ra N.L. fem. n. lacuna, a little lake, referring to the origin 
of the organism; N.L. fem. n. sphaera, a ball, globe, sphere; N.L. fem. n. Lacunisphaera, 
a spherical microorganism from a lake). 
Cells are Gram-negative, aerobic cocci. Mono- or diplococcic are formed, but no chains 
or rosettes. Cells are motile during exponential growth phase, but not in late stationary 
phase. No spore formation was observed. Members test positive for cytochrome 
oxidase activity, but show no catalase activity in reaction with H2O2. Extracellular matrix 
formation in liquid culture is observed for some members when cultured under constant 
agitation. This is not true for the type species. The molar G + C content is between 65 
and 67 mol%. Members contain peptidoglycan with diaminopimelic acid (DAP) and 
ornithine as diamino acids. The predominant cellular fatty acid of the type species is 
iso-C15:0. Members belong to the phylum Verrucomicrobia, class Opitutae, order 
Optitutales, family Opitutaceae. The type species of the genus is 
Lacunisphaera limnophila. 
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Description of Lacunisphaera parvula sp. nov. 
Lacunisphaera parvula (par.vu.la, L. adj. parvula small, referring to the size of individual 
cells) 
Main attributes are as given for the genus. Colonies grown on M1H agar were round, 
smooth and cream colored, while aging colonies became translucent. An extracellular 
matrix compound is produced in liquid cultures when kept under constant agitation, but 
formation was not observed on solid media. Cells are present as mono- or diplococci, 
but form aggregates when embedded in the extracellular matrix compound. Single cells 
measured 0.6 ± 0.1 µm in diameter. Substrates utilized were D-cellobiose, maltose, 
gentiobiose, -D-lactose, sucrose, turanose, lactulose, succinic acid, thymidine, 
inosine, uridine, succinic acid mono-methyl ester, L-rhamnose, D-alanine, malonic 
acid, L-aspartic acid, D-melibiose, -methyl-D-glucoside, D-fructose, -D-glucose, D-
trehalose, bromosuccinic acid, -cyclodextrin, dextrin, tween 80, -ketoglutaric acid, 
D-gluconic acid, D-sorbitol, glycogen, D-galactose, D-raffinose, -D-glucose-1-
phosphate, D-mannose, D-glucosaminic acid, D-saccharic acid, L-alanine, D,L-lactic 
acid, D-galacturonic acid, D-glucuronic acid and succinamic acid. Cells grew in M1H 
medium at temperatures between 12°C and 38°C, while 33°C was the optimum. Cells 
did not grow below 10°C and above 38°C. pH values between 6.0 and 9.0 were 
tolerated for growth, while the optimum was between 7.5 and 8.0. Major cellular fatty 
acids were iso-C15:0 (33.3%), C16:0 (10.2%), iso-C13:0 3-OH (8.7%), C16:1 5c (8.4%) and 
iso-C11:0 (4.9%). The G + C content of the DNA of the type strain is 65.9 mol%. The 
type strain is IG15T (=DSM 26814 = LMG 29468) and was isolated from the surface 
water column of a freshwater lake during a cyanobacterial blooming event.  
Description of Lacunisphaera limnophila sp. nov. 
Lacunisphaera limnophila (lim.no’ phi.la Gr. n. limnos lake; Gr. adj. philus loving; N.L. 
adj. limnophila lake loving). 
Overall characteristics are as described for the genus. Colonies grown on M1H agar 
were round, smooth and cream colored, while aging colonies became translucent. 
Liquid cultures appeared pale yellowish. Cells are present as mono- or diplococci and 
form no chains or rosettes. Single cells measured 0.9 ± 0.2 µm in diameter. Substrates 
utilized were D-cellobiose, maltose, gentiobiose, -D-lactose, sucrose, turanose, 
lactulose, thymidine, inosine, glycyl-L-aspartic acid, glucuronamide, pyruvic acid 
methyl ester, L-leucin, hydroxyl-L-proline, D-melibiose, -methyl-D-glucoside, D-
fructose, -D-glucose, D-trehalose, glycogen, D-galactose, D-raffinose, -D-glucose-
1-phosphate and D-mannose. Cells grew in M1H medium at temperatures between 
13°C and 36°C, while 32°C was the optimum. Cells did not grow below 10°C and above 
36°C. pH values between 6.0 and 9.0 were tolerated for growth, while the optimum was 
between 7.5 and 8.0. Major cellular fatty acids were iso-C15:0 (48.6%), Anteiso-C15:0 
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(12.1%), iso-C15:1 9c (10.3%), iso-C13:0 3-OH (6.6%) and iso-C13:0 (5.0%). The genome 
based G + C content of coding sequences is 66.5 mol%. The type strain is IG16bT 
(=DSM 26815 = LMG 29469) and was isolated from the particle-containing fraction of 
surface water from a freshwater lake. The 4,199,284 bp genome of Lacunisphaera 
limnophila IG16bT was similar, yet distinct from other sequenced verrucomicrobial 
species in terms of gene content (Figure 4). In most cases, such differences were 
associated with genomic islands which indicate frequent horizontal gene transfer.  
Description of Lacunisphaera anatis sp. nov. 
Lacunisphaera anatis (a.na.tis L. fem. n. anatis with the ducks, referring to the term 
‚duck pond’ describing a lake or pond inhabited by ducks). 
Overall characteristics are as described for the genus. Colonies grown on M1H agar 
were round, smooth and cream colored, while aging colonies became translucent. Cells 
are present as mono- or diplococci and form no chains or aggregates. Single cells 
measured 0.6 ± 0.1 µm in diameter. Substrates utilized were glycyl-L-glutamic acid, 
succinic acid, thymidine, inosine, uridine, succinic acid mono-methyl ester, L-rhamnose 
and D-fructose. Cells grew in M1H medium at temperatures between 15°C and 36°C, 
while 30°C was the optimum. Cells did not grow below 12°C and above 36°C. pH values 
between 6.0 and 9.0 were tolerated for growth, while the optimum was between 7.5 
and 8.0. Major cellular fatty acids were iso-C14:0 (15.4%), iso-C14:0 (15.4%), C16:0 
(12.1%), Anteiso-C15:0 (10.6%) and iso-C16:0 (10.1%). The G + C content of the DNA of 
the type strain is 67.2 mol%. The type strain is IG31T (=DSM 103142 = LMG 29578) 
and was isolated from surface freshwater containing biomass of a cyanobacterial 
bloom.  
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Supplements 
 
 
Figure S1: Temperature optima of IG15T, IG16bT and IG31T. To determine the optimum growth 
temperature, optical density was measured at 600 nm (OD600nm). Slope values, corresponding to 
change of OD600nm during exponential growth phase, were plotted against the corresponding 
temperature value. Temperature optima of IG15T (A), IG16bT (B) and IG31T (C) were determined 
to be 33°C, 32°C and 30°C respectively. Each dot represents the mean of triplicate 
measurements.  
 
 
 
144 
 
Figure S2: Growth curves and cell counts of IG15T and IG16bT in the presence of carbenicillin. 
IG15T (A) and IG16bT (B) cultures were inoculated with 500 (grey squares), 1000 (grey triangle) 
or 2000 (tilted triangle) mg/l carbenicillin, while the positive controls (black dots) remained 
untreated. Points of measurement represent the mean of triplicates. While optical density curves 
indicate bacterial growth, albeit reduced in treated samples, at all concentrations of the antibiotic 
agent, cell counts of end point measurements (C) show a significant difference (p<0.001) 
between control and 2000 mg/l cultures (~10-fold higher cell counts for untreated samples). 
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Figure S3: Thin layer chromatogram of IG15T, IG16bT and IG31T. Thin layer chromatography 
was used to detect diaminopimelic acid (DAP) from whole cell hydrolysates of strains IG15T, 
IG16bT and IG31T. Cell hydrolysates of IG15T, IG16bT and IG31T show no bands corresponding 
to stereoisomers of DAP, indicating the absence in all three strains. The chromatogram of 
Bacillus subtilis DSM10 shows a distinct band for DAP while Escherichia coli DSM498 shows 
only a weak signal in comparison to the substance standard used (Std.). The dotted line between 
the chromatogram of strain DSM 498 and the other strains investigated indicates that analyses 
were performed using the same experimental setup, but were run on different cassettes and 
resulting images were combined afterwards using the software Adobe Illustrator CC (Adobe 
Systems Software, Dublin, Ireland). 
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Figure S4 | Morphology of IG16bT cell sacculi. Cell sacculi were prepared by boiling cells in 4% 
SDS for 1 hour. Unbound SDS was removed by dialysis for 3 days against ddH2O. Sacculi were 
negatively stained with 1% aqueous uranyl acetate and imaged by transmission electron 
microscopy (A-F). Protein-bound SDS can be seen as clumps. Scale bar indicates 0.2 µm. 
 
Table S1: Additional primers used to generate near full-length sequences of verrucomicrobial 
isolates. Sequences were assembled using the ContigExpress application of the Vector NTI® 
Advance 10 software. 
Primer 
designation 
Sequence (5’ 3’) Reference 
341f CCT ACG GGW GGC WGC AG 
modified from Muyzer et al., 
1993 
515f GTG CCA GCA GCC GCG G modified from Lane, 1991 
515r CCG CGG CTG CTG GCA C 
modified from Muyzer et al., 
1993 
1055f ATG GCT GTC GTC AGC T modified from Lee, 1993 
1055r AGC TGA CGA CAG CCA T modified from Lee, 1993 
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Table S2: List of reference strains used for 16S ribosomal RNA gene phylogenetic tree 
reconstruction. Strain designations and accession numbers were obtained from the NCBI 
database and the List of Procaryotic names with Standing in Nomenclature website 
(http://www.bacterio.net/-index.html). 
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Further supplementary material (Table S4 - S7) is available online at Frontiers in Microbiology 
(http://journal.frontiersin.org/article/10.3389/fmicb.2017.00202/full). 
Table S3: Cellular fatty acid contents (%) of strain IG15T, IG16bT and IG31T investigated in this 
study.  
Fatty acid IG15T IG16bT IG31T 
Saturated       
C14:0 1.72 0.17 1.17 
C15:0 - - - 
C16:0 10.18 1.13 12.09 
C17:0 0.51 0.10 0.76 
C18:0 0.46 - 0.21 
Unsaturated       
C15:1 Ѡ6c - - - 
C16:1 Ѡ5c 8.35 0.35 5.42 
C16:1 Ѡ7c 0.20 0.25 3.59 
C16:1 Ѡ9c - 1.96 - 
C16:1 Ѡ11c 3.33 - 1.49 
C17:1 Ѡ10c - 2.10 - 
C18:1 Ѡ9c 0.75 0.14 0.15 
Branched       
Iso-C11:0 4.90 3.99 0.04 
Iso-C12:0 - - 4.93 
Iso-C13:0 0.68 5.03 5.12 
Iso-C14:0 0.54 0.22 15.36 
Iso-C15:0 33.33 48.59 9.06 
Iso-C15:1 Ѡ9c 2.55 10.25 0.99 
Iso-C16:0 0.45 0.49 10.07 
Iso-C17:0 2.88 2.91 0.57 
Iso-C17:1 Ѡ10c 2.38 2.10 0.17 
Anteiso-C13:0 0.12 0.35 4.47 
Anteiso-C15:0 - 12.09 10.61 
3-Hydroxy       
C12:0 3-OH 2.00 0.29 2.94 
C14:0 3-OH - - 1.69 
Iso-C13:0 3-OH 8.71 6.57 1.38 
Iso-C15:0 3-OH 1.86 0.20 2.36 
Values below <1% not shown. 
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Chapter 5 
Conclusion and outlook 
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In this last chapter, the results of this thesis are discussed and put into perspective. In 
part I the data presented in chapters 2 and 3, concerning the attached biofilm 
communities of marine macro algae and the seagrass Posidonia oceanica are 
reviewed. Important findings with respect to the bacterial phylum Planctomycetes are 
highlighted, discussed and future topics for further research are proposed. Part II 
discusses findings and results concerning the novel verrucomicrobial strains which 
were the focus of research in chapter 4. 
Part I 
Microbial communities in marine environments, especially those of marine bacteria, are 
the driving force of carbon and nitrogen cycling and are responsible for approximately 
half of the Earth’s primary production (Arrigo, 2005). Motile marine bacteria, often 
driven by chemotactic stimuli, travel at high speeds through the water column (Son et 
al., 2016) with the goal of gaining access to vital nutrients. These nutrients are often 
present on the surfaces of phototrophic organisms, such as kelp forests formed by 
Laminaria hyperborea or the Mediterranean endemic seagrass Posidonia oceanica. 
Those represent two of the most important habitats in marine environments (for review 
see (Kelly, 2005)) (Hofrichter, 2002; Christianen et al., 2013). While attached-living 
bacteria form complex microbial communities with versatile metabolic profiles (Sanli et 
al., 2015), they follow different metabolic strategies when compared to their free-living 
counterparts (Fuchsman et al., 2011). The surfaces of kelp and seagrasses, such as 
P. oceanica are rich in sugar molecules derived of the algal or angiosperm cell walls 
(Percival, 1979; Torbatinejad et al., 2007; Vera et al., 2011) and provide a rich pallet of 
nutrients for epiphytic bacteria. In exchange, attached-living bacteria can provide 
nutrients for their host (Croft et al., 2005; Ramanan et al., 2016), aiding in growth and 
thus in keeping the relationship mutualistic. Benefitting from the nutrient repertoire and 
shelter, provided by their host organisms, marine bacteria are known to produce 
bioactive molecules (Gontang et al., 2010; Graca et al., 2016; Jeske et al., 2016). 
These molecules are often synthesized by non-ribosomal-polyketide synthethases 
(NRPS) and complex enzymatic machineries called polyketide synthases (PKS) (Cane 
and Walsh, 1999; Walsh, 2008) aided by additional carrier proteins (Kittila et al., 2016). 
These NRPS and PKS modular molecule production chains are often organized as 
genes clusters on bacterial genomes (Fischbach and Walsh, 2006; Walsh, 2008) and 
are known to be responsible for the production of highly active molecules with use in 
human medicine or husbandry. Identification of NRPS or PKS gene clusters can be 
achieved by search algorithm-based bacterial genome analysis (Weber et al., 2015). 
However, genome organization in the bacterial group of Planctomycetes, which was 
the main focus of this part of the thesis, was shown to be unusual and genomes of 
these bacteria often contain for example unlinked ribosomal RNA gene operons 
(Glöckner et al., 2003). In the novel strains isolated in the course of this thesis, we also 
observed that these genes were not organized in operon-like structures, but rather 
scattered around the genome. Thus, it is likely that also the organization of secondary 
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metabolite gene clusters is different from other producer strains in comparison to 
Planctomycetes, making it difficult to identify them with standardized algorithm 
searches. 
The importance of extending the planctomycetal phylogeny 
Eversince the first Planctomycetes bacterium, Planctomyces bekefii, was observed in 
1924, a variety of novel species was obtained in pure culture, thereby extending the 
phylogeny to currently 34 validly described type strains in 26 genera. Thus, most 
genera are often only represented by a single species. Recently, the planctomycetal 
phylogeny was partially reorganized and novel family and genera structures were 
proposed based on 16S rRNA gene identity values (Scheuner et al., 2014; 
Kulichevskaya et al., 2015; Kulichevskaya et al., 2016). This reorganization process is 
still ongoing and newly identified and characterized strains challenge the current 
phylogenetic clustering (Kohn et al., 2016). In this thesis, seven novel Planctomycetes 
strains, five from marine macro algae and two of seagrass are described and 
characterized, all of which represent novel genera except for one, which represents a 
novel species in the genus Roseimaritima (Figure 1). The culturability of 
Planctomycetes from marine macro algae has been investigated previously (Lage and 
Bondoso, 2014; Bondoso et al., 2015) and we also were able enrich and selectively 
cultivate Planctomycetes by adding N-acetyl-D-glucosamine as sole carbon and 
nitrogen source in combination with a mixture of antibiotic agents (chapter 2). The same 
strategy was used to enrich seagrass biofilm Planctomycetes. In this thesis, we 
successfully describe the first two strains isolated from the most important species of 
seagrass in the Mediterranean area, Posidonia oceanica (chapter 3). 
Due to the importance and relevance of Planctomycetes in global nutrient cycles, 
biotechnological fields such as wastewater treatment and their interesting still 
unresolved cell biological features, isolation of novel planctomycetal strains is of utmost 
importance. Even though a variety of strains was recently cultivated (Kulichevskaya et 
al., 2015; Kulichevskaya et al., 2016; Lage et al., 2016), most descriptive studies did 
not further investigate cell biological aspects or perform genome sequencing of the 
novel strains, which is the basis for comparative analyses or for example secondary 
metabolite related gene cluster detection.  
In addition, Planctomycetes are known to be abundant in bacterial communities 
associated with marine macro algae (Bengtsson and Øvreås, 2010), but little is known 
about their role in these phototroph-associated communities. Thus, the isolation of 
novel strains from these communities can also help to elucidate the environmental role 
of Planctomycetes. 
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Figure 1: Phylogenetic tree including all Planctomycetes type strains described to date. Novel 
isolates from marine phototrophs are shown in dark (macro algae) and light (seagrass) green. 
Branches only indicate phylogenetic position and not sequence divergence or phylogenetic 
distance. 
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Genome sequencing of Planctomycetes 
Cell division 
Planctomycetes are a group of bacteria with a variety of unusual features. Among these 
features, the cell division by budding is one of the most enigmatic. Planctomycetes lack 
the otherwise universal cell division protein FtsZ, which is involved in the formation of 
a proteinaceous ring around the center of the dividing cell, recruitment of additional 
proteins and exerts a contractile force that enables cell wall formation and subsequent 
division of the cell (Erickson et al., 2010). However, since no FtsZ exists in 
Planctomycetes, other mechanisms and proteins must be involved. To elucidate genes 
and proteins likely involved in planctomycetal cell division, full genome sequences were 
analyzed and used for comparative analysis, determining a handful of candidate 
proteins with potential roles in the planctomycetal division by budding (Pilhofer et al., 
2008; Jogler et al., 2012). In the related phylum Chlamydiae, an involvement of 
peptidoglycan synthesis at the septum for cell division is hypothesized to play a role in 
the FtsZ-free cell division (Liechti et al., 2016), which was recently shown to vary from 
the previously accepted view that Chlamydiae divided by binary fission (Abdelrahman 
et al., 2016). In addition, a role of MreB, in compensation for the lack of FtsZ, in 
planctomycetal cell division was suggested (Rivas-Marín et al., 2016). The mystery of 
FtsZ-free division has been partially resolved for the anammox planctomycete 
Kuenenia stuttgartiensis. Using transmission electron microscopy and cryo electron 
microscopy, a cell division ring at the outer rim of dividing cells was observed and 
immunogold localization was used to identify the gene and gene product of kustd1438, 
a protein possibly responsible for cell division in K. stuttgartiensis (van Niftrik et al., 
2009). Based on full genome sequences of non-anammox Planctomycetes, the 
presence of kustd1438 homologues was investigated but yielded no conclusive results 
in the genomes analyzed, suggesting that this gene is exclusive for the order 
Brocadiales, which includes all anammox Planctomycetes described to date (van Niftrik 
et al., 2009).  
In the presented thesis, 7 novel planctomycetal species were subjected to full genome 
sequencing. Also, genome sequencing costs are frequently decreasing, making it 
possible to enlarge the pool of available genomes for comparative analysis. Recently, 
more and more planctomycetal genomes are being sequenced, paving the way for 
comparative genome analysis on a higher level than previously possible. Thus, it would 
be interesting to repeat comparative analyses focusing the cell division of budding 
Planctomycetes to identify candidate genes and proteins that enable this still 
mysterious cell division mechanism. In this respect, it would be interesting to further 
investigate the role of proteins such as MreB, which may play a role in the cell division 
of Planctomycetes. Here, experimental setups could involve either cell division 
inhibitors or bacterial knockout mutants to investigate how certain proteins or genes 
influence the division machinery of Planctomycetes. 
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Planctomycetes as bioactive compound producers 
In addition to comparative analyses, an extended pool of genome sequences also 
enables more thorough studies of gene clusters involved in the production of secondary 
metabolites. Planctomycetes harbor various traits that are also characteristic for 
bacteria which are known to be ‘talented’ producers of bioactive molecules, such as 
Myxobacteria or Actinobacteria (Landwehr et al., 2016). Planctomycetes combine long 
generation times, a complex life cycle and large genomes, making them interesting 
subjects for active molecule research. Recently, genome mining approaches identified 
several secondary metabolite gene clusters coded within the genomes of limnic and 
marine Planctomycetes species (Jeske et al., 2013), suggesting that with the clusters 
identified, Planctomycetes should be able to produce a variety of bioactive molecules. 
Also, a variety of techniques were developed in order to investigate the secondary 
metabolite production potential of Planctomycetes (Jeske et al., 2016) and inhibition of 
pathogenic microorganisms by crude culture extracts derived from marine 
Planctomycetes was shown (Graca et al., 2016). Genome analysis of novel macro algal 
and seagrass derived strains described in this thesis revealed the presence of several 
gene clusters predicted to play a role in secondary metabolite and active molecule 
production. These mainly belong to the non-ribosomal-polyketide-synthethases 
(NRPS) and polyketide synthases, which are modular synthesis machineries, in which 
a molecule is processed in a multistep mechanism, resulting in molecule structures of 
unmatched complexity (Dutta et al., 2014). In addition, we identified several terpene 
clusters. These types or organic molecules and their modified versions, the terpenoids 
are of diverse function, some being used as anti-tumor agents, while they also can act 
as vitamins. However, in laboratory setups, terpene expression and modification 
machineries are often hard to elucidate (Yamada et al., 2012).  
After the identification of these clusters, it would be interesting to further investigate 
ways to enhance their expression under laboratory conditions and if these conditions 
can be scaled up for high quantity production and subsequent elucidation of the 
structures of the active molecules. It was shown that different carbon substances added 
to the cultivation medium can substantially change the expression profiles of 
Planctomycetes species (Jeske et al., 2016). In this context, further experimental 
setups, employing different trigger substances, followed by elucidation of the produced 
substances pose an interesting field of research in which the novel strains, isolated 
during this thesis, could play a crucial role.  
Cell biological and physiological observations 
Another controversy often discussed for Planctomycetes is their peculiar cell biology. 
While Planctomycetes were long considered to be the link between eukaryotes and 
prokaryotes (Fuerst and Sagulenko, 2011), belonging to neither Gram-negative, nor 
Gram-positive bacteria, recent discoveries point towards an unusual, however more 
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Gram-negative cell plan ((Jeske et al., 2015; van Teeseling et al., 2015) and Boedeker 
et al., 2017; accepted for publication in Nature Communications). The cell biology of 
Planctomycetes has been studied using various microscopic techniques (Lage et al., 
2013; van Teeseling et al., 2014a; van Teeseling et al., 2015) and previously 
undetected structures, such as a peptidoglycan layer were made visible (van Teeseling 
et al., 2015). In addition, another unique cell biological feature is of increased interest, 
namely the so-called crateriform structures (Schmidt and Starr, 1978). These structures 
were detected on the surface of various planctomycetal species. Investigation of the 
five novel strains from North Sea macro algae revealed the presence of pili-like fibers 
distributed around the pole caps of strains FF011LT, while thin sections also indicated 
the same structures for strain K22.7T (chapter 2). These structures spanned through 
the outer membrane of the cells and connected to the next inner membrane. Closer 
microscopic inspection revealed an even pattern of distribution around the cell pole, 
similar to the distribution of the crateriform structures on planctomycetal cell poles. One 
hypothesis could be that the crateriform structures are the points of emergence for the 
observed pili-like fibers, as we detected them for our strains. In addition, these pili-like 
fibers may play a role in nutrient uptake, especially of complex molecules, which cannot 
simply diffuse into the cell (Boedeker et al., 2017). Data obtained in our study support 
this hypothesis, since strains EC9T and K22.7T, incubated with algal particles as sole 
carbon and nitrogen source, were found to possess these structures while living 
attached to the particles (chapter 2). These pili-like fibers were not observed when the 
strains were incubated in standard growth medium, which contained various low 
complexity sugars such as glucose or N-acetyl-D-glucosamine. This could indicate that, 
when strains were growing in the presence of complex algal cell wall components, a 
change in morphology was necessary to internalize these molecules. However, more 
in-depth studies, using complex polysaccharides in defined concentrations are 
necessary to back up our data and the hypothesis of that novel uptake-mechanism. 
In addition, changes in growth pattern were observed for strain KOR42T which was 
isolated from the biofilm of the seagrass Posidonia oceania (chapter 3). Following the 
isolation on solid medium, the strain was transferred to liquid culture broth and an 
aggregated growth pattern, with macroscopic flakes of several millimeters, and nearly 
clear surrounding medium was observed. However, during temperature optimum 
determination, cultures incubated at 30 - 33°C displayed a homogenous growth pattern, 
with no aggregates visible in the culture. Interestingly, the same effect was achieved 
when the aggregates of KOR42T were transferred to media with higher nutrient 
concentrations. After several hours of incubation, aggregates disintegrated and 
cultures became homogenous. In the case of KOR42T an interesting behavior, in 
reaction to the surrounding nutrient concentration or signaling molecules secreted by 
the cells in the culture, was observed. This mechanism seems to involve cellular 
communication based on signals received from their surroundings and may be a 
protective measure to ensure survival in for example oligotrophic environments. 
Aggregation reactions in response to nutrient limitation has been observed for the 
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purple sulfur bacterium Lamprocystis purpurea (Imhoff, 2001) (formerly Amoebobacter 
purpureus), where depletion of sulfide leads to the formation of macroscopic 
aggregates, which were found to disintegrate in less than 1 second upon sulfide 
addition to the cultivation medium (Overmann and Pfennig, 1992). Furthermore, the 
aggregation process was hypothesized to be based on hydrophobic surface protein 
interaction of individual cells. For KOR42T however, disintegration of aggregates was 
much slower, indicating that another mechanism influences the observed changes in 
growth pattern of this novel planctmoycetal strain. In this respect, it would be interesting 
to further elucidate which factor, nutrient concentration, temperature or quorum sensing 
molecule concentration, has a stronger influence on the observed changes in growth 
pattern. This could be achieved by thorough growth experiments with defined nutrient 
concentrations. However, it is also imaginable that the observed aggregation reaction 
is solely based on the concentration of molecules secreted by individual cells and that 
the trade-off between aggregated or homogenous growth is dependent on the overall 
concentration of these molecules in the surrounding. This would relate to findings made 
for the auto-inducer 2 molecule, which was found to cause aggregate formation and 
dispersion in E. coli (Laganenka et al., 2016). Also, it would be interesting to see if the 
reverse reaction of the strain was possible and thus to observe a change from 
homogenous to aggregated growth. Finally, transcriptome analyses of cultures grown 
with different nutrient or temperature patterns could possibly provide more information 
on which genes are responsible for the observed culture morphology changes of 
KOR42T. 
Taken together, the results obtained in chapter 2 and 3 indicate that, even though 
heavily sampled, marine habitats are still a resourceful environment for the exploration 
and cultivation of novel bacterial strains - in case of this thesis - of the phylum 
Planctomycetes. Especially those attached to higher phototrophic organisms are of 
interest, since attached-living bacteria follow metabolic patterns different from their 
planktonic living counterparts and usually have pathways for their secondary 
metabolome, thus making them valuable producers of molecules with yet unknown 
functions. And while laboratory setups are often insufficient to mimic natural 
environments, individual concepts, such as bacterial attachment to algal particles can 
yield valuable information on the physiology and possible role of these bacteria in the 
environments they dwell in. 
Part II 
Peptidoglycan in subdivision 4 Verrucomicrobia 
The presence of peptidoglycan (PG) in the Gram-negative bacterial cell wall, which is 
the basis of cellular stability and resilience against stressor that would otherwise 
compromise cell shape and morphology, is an unchallenged concept that is widely 
accepted. However, several organisms in the PVC-superphylum, for a long time, were 
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believed to lack this otherwise universal Gram-negative cell wall component (König et 
al., 1984; Moulder, 1993). This includes the members of the subdivision 4 of the phylum 
Verrucomicrobia (Yoon, 2011a).  
Due to recent studies, the dogma of peptidoglycan-less Planctomycetes and 
Chlamydiae has been overturned (Pilhofer et al., 2013; Liechti et al., 2014; Jeske et al., 
2015; van Teeseling et al., 2015; Liechti et al., 2016) and the only exception that 
seemed to remain was the subdivision 4 of the Verrucomicrobia. Intrigued by these 
findings, we aimed to resolve the question of peptidoglycan absence for the last group 
of bacteria of the PVC superphylum.  
In chapter 4, the isolation of three novel strains of the verrucomicrobial subdivision 4 
and the first identification of peptidoglycan in the cell walls of bacterial species of this 
subgroup was described. Our comparative analyses lead to the isolation of intact PG 
sacculi, using a similar method that proved effective for sacculi extraction in anammox 
and aerobic Planctomycetes (Jeske et al., 2015; van Teeseling et al., 2015). 
Interestingly, GC-MS analysis indicated that the PG of the three novel strains was 
constituted of not only diaminopimelic acid, but also ornithine. However, we performed 
this analysis using whole cell hydrolysates and the detected ornithine might originate 
from metabolic sources other than PG. Here it would be interesting to revisit our results 
by specifically enriching the cell walls of our novel strains and optimally, of other strains 
belonging to the verrucomicrobial subdivision 4. Results of a comprehensive analysis 
concerning the PG constitution in this specific subgroup of the Verrucomicrobia would 
allow for an answer to the question if strains that were specifically described to lack this 
substantial cell wall component (Yoon et al., 2007d; Yoon et al., 2010) are exceptional. 
The previous findings of ‘peptidoglycan-less’ subdivision 4 members could also indicate 
that these bacteria may have altered PG structures and plasticity, possibly involving 
ornithine, which prevented the identification techniques employed in these studies 
(Yoon et al., 2007d; Yoon et al., 2010) to detect common muramic-acid and 
diaminopimelic structures. The ability of bacteria to alternate their PG plasticity and 
constitution as response to surrounding environmental conditions was previously 
described (Cava and de Pedro, 2014). To further develop this line of research, it would 
be interesting to see if other members of the verrucomicrobial subdivision 4 also 
contained almost complete PG synthesis pathways in their genomes. Thus, a 
comprehensive study on that topic would include obtaining full genome sequences of 
enough strains belonging to this group of bacteria. 
Final remarks 
In my thesis, we shed light into the bacterial community compositions of the biofilms 
from marine phototrophs and isolated novel bacterial strains with a potential as 
bioactive molecule producers. In addition, the dogma of peptidoglycan-less subdivision 
4 Verrucomicrobia was overturned. And while the presented data further supports the 
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idea of Planctomycetes as important and environmentally relevant bacteria, there is 
certainly a need for subsequent further investigations. Such future studies, like they 
were presented in this thesis, are the basis of identifying environmentally important 
bacterial lineages, and at the same time, underline the knowledge gap that still exists 
when it comes to the elucidation of the complex processes that are omnipresent in 
multispecies environments like bacterial biofilms. However, a first step is to develop 
defined laboratory setups, such as the algal attachment assay presented in chapter 2, 
to - piece by piece - gain insight into the mechanisms bacteria use to thrive and 
outcompete their competitors in nutritional hotspots, such as the biofilms we 
investigated. 
My thesis presented a variety of different findings, related to bacteria of the phyla 
Planctomycetes and Verrucomicrobia, and paved the way for further in-depths studies 
that will, without doubt, lead to many unexpected and fascinating discoveries in these 
fields of research.  
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